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Foreword 


IN  view  of  the  great  need  for  a  more  scientific  knowledge  of 
electricity  by  thousands  of  practical  men  of  limited  tech- 
nical education,  an  attempt  has  been  made  in  the  following 
pages  to  give  a  presentation  of  the  subject  which  will  be  easily 
understood  by  such  men,  and  at  the  same  time  cover  all  essen- 
tial principles  and  methods.  The  principles  usually  deduced 
by  higher  mathematics  are  here  made  clear  by  careful  explana- 
tion and  a  large  number  of  diagrams  drawn  especially  to  sup- 
plement and  elucidate  the  text.  Numerous  engravings  exem- 
plify modern  practice,  and  form  a  pictorial  index  to  the  latest 
and  best  methods  of  applying  electricity  to  lighting,  railways, 
power  transmission,  the  driving  of  machine  tools,  etc. 

^  The  Cyclopedia  of  Applied  Electricity  is  based  upon  the 
method  which  the  American  School  of  Correspondence  has  de- 
veloped and  successfully  used  for  many  years  in  teaching 
practical  electricians  the  scientific  principles  underlying  their 
work.  It  is  a  compilation  of  representative  Instruction  Papers 
of  the  School,  and  forms  a  simple,  practical,  concise,  and  con- 
venient reference  work  for  the  shop,  the  library,  the  school, 
and  the  home. 

^  The  success  which  the  American  School  of  Correspondence 
has  attained  in  teaching  thousands  of  electricians,  is  in  itself 
the  best  possible  guarantee  for  the  present  work.  Therefore, 
while  these  volumes  are  a  marked  innovation  in  technical  litera- 
ture—representing as  they  do  the  best  ideas  and  methods  of  a 
large  number  of  different  authors,  each  an  acknowledged 
authority  in  his  work    they  are  by  no  means  an  experiment. 


but  are  in  fact  based  on  what  has  proved  itself  to  be  the  most 
successful  method  yet  devised  for  the  education  of  the  busy- 
working  man, 

C  Among  the  sections  of  especial  timeliness  are  those  on  Alter- 
nating-Current Machinery,  Storage  Batteries,  Electric  Wiring, 
Lighting,  etc.  In  these  pages  the  authors  have  succeeded  in 
presenting  the  subjects  in  such  manner  as  to  overcome  the 
hitherto  insurmountable  obstacle— higher  mathematics.  The 
rules  and  formulae  are  presented  in  a  very  simple  manner,  and 
special  effort  has  been  made  to  illustrate  every  principle  by  dia- 
grams, curves,  and  practical  examples. 

€1  Numerous  examples  for  practice  are  inserted  at  intervals; 
these,  with  the  test  questions,  help  the  reader  to  fix  in  mind 
the  essential  points,  thus  combining  the  advantages  of  a  text- 
book with  those  of  a  reference  work. 

€L  Grateful  acknowledgment  is  due  to  the  corps  of  authors  and 
collaborators  who  have  prepared  the  many  sections  of  this 
work.  The  hearty  co-operation  of  these  men — engineers  of 
wide  practical  experience,  and  teachers  of  acknowledged  ability 
— has  alone  made  these  volumes  possible. 

€1  The  Cyclopedia  is  published  in  the  belief  that  it  will  meet  a 
real  need  among  designers,  constructors,  and  operators  of  elec- 
trical machinery.  That  it  may  save  many  weary  hours  of 
search  among  the  scattered  textbooks  and  reference  works  of 
the  day —books  which,  being  intended  largely  for  college-trained 
men,  are  necessarily  far  from  meeting  the  needs  of  the  average 
practical  man — is  the  hope  of  the  compilers  and  publishers. 
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DYNAMO-ELECTRIC  MACHINERY 

PART  I 


PRINCIPLES  OF  DIRECT-CURRENT  DYNAMOS 

A  dynamo-electric  machine  is  one  which  converts  mechanical 
into  electrical  energy,  or  vice  versa,  by  means  of  the  relative  motion 
of  a  conductor  carrying  an  electric  current,  and  an  interlinked  mag- 
netic field.  ^Vhen  the  conversion  is  from  mechanical  to  electrical 
energy,  the  machine  is  called  a  generator;  and  when  the  conversion  b 
from  electrical  to  mechanical  energy,  the  machine  is  called  a  motor. 
In  order  fully  to  understand  the  design  and  construction  of  these 
machines,  it  will  first  be  necessary  to  consider  the  principles  which 
govern  their  action. 

Magnetic  Field.  It  was  early  fountl  that  pieces  of  a  certain  kind 
of  iron  ore  were  capable  of  attracting  bits  of  iron.     From  the  name 
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Pl£.  I.    Magnetic  i-neid  arouiui  a  Fig.  S.    llagii«tle  Field  around  One 

wir  Magnet.  Pole  of  a  Bar  Magnet. 


of  the  country  in  which  this  peculiar  oxide  of  iron  was  first  found, 
came  the  name  of  articles  made  of  it — i.e.,  magnets,  from  "Magnesia," 
in  Asia.    This  oxide  of  iron  is  Fe,0^,  commonly  calle<l  Magnetite. 

If  one  of  these  magnets  shaped  as  a  straight  bar  is  held  under 
a  piece  of  cardlxmrd  upon  which  iron  filings  are  sprinkled,  it  will  be 
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rbLH   MftciMUe  PMd  aronnd  a 
CitmM«MTy1ag  Oond  actor. 


found  that  the  filings  settle  down  in  curve<l  lines  forming  a  magnetic 
figurr,  the  general  form  of  which  is  shown  in  Fig.  1.  When  one  of  the 
poles  of  the  magnet  is  held  towanl  the  cardFx>anl,  the  filings  will 
arrange  thciasclvcs  as  shown  in  Fig.  2.    These  experiments  show 

that  the  medium  surrounding  a 
magnet  is  in  a  state  of  stress,  the 
space  so  affected  being  called  a 
magnetic  field.  The  influence  of  a 
magnet  is  supposed  to  extend  in  all 
tlirections  indefinitely;  but  as  the 
force  due  to  the  mugnet  varies  in- 
versely as  the  square  of  the  distance 
from  it,  the  effect  is  renderwl  prac- 
tically negligible  beyond  a  compara- 
tively limited  area. 

When  a  conductor  carrying  a 
current  of  electricity  is  passed 
through  a  piece  of  cardlx)ard  with  iron  filings  sprinkled  on  the  board 
•8  before,  we  see  (Fig.  3)  that  the  filings  arrange  themselves  in  curved 
lines  similar  to  those  of  Fig.  2;  while,  if  the  return  circuit  of  the  con- 
ductor be  also  poked  through  the  card,  the  filings  assume  the  align- 
ment ^o^-n  in  Fig.  4.  From 
the  siniihirity  of  the  phenom- 
ena, it  may  be  concluded  that 
a  oofiductor  carrj-ing  nn  elec- 
tric current  is  surrounded 
bj  a  magnetic  field  whose 
strength  is  a  din*ct  function 
of  the  current.  Tliis  was  first 
noted  by  (kTstetl,  who  in 
1H20  observed  that  a  compass 
needle  was  deflected  when 
placed  near  a  conductor  car- 
rying a  current  of  electricity, 
the  din^tion  of  motion  of  the  needle  depending  upon  the  direction 
of  flow  of  the  current. 

Unes  of  Magnetic  Force.    Tln>  magnetic  figures  in  the  previous 
paragraph  indicate  that  the  stresses  in  the  medium  surrounding  a 


FJg.  A.    Magnetic  Field  around  Conductor  and 
Return  Circuit. 
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magnet  or  current-canying  conductor  follow  certain  definite  lines, 
the  lines  showing  the  direction  of  stress  at  any  point.  These  are 
called  lines  of  magnetic  force.  If,  in  addition,  there  be  drawn  as 
many  lines  per  square  centimeter  cross-section  of  the  field  as  there 
would  be  dynes  of  force  acting  upon  a  unit  magnetic  pole*  placed  at 
that  point,  then  the  total  number  of  lines  of  magnetic  force  represents 
the  magnetic  flux  through  that  cross-section;  and  the  lines  per  square 
centimeter,  the  flux-dcnsiiy. 

Solenoids.  Now,  suppose  that  a  wire  is  bent  in  the  form  of  a 
circular  loop  as  in  Fig.  5,  and  further- 
more suppose  that  a  current  is  traversing 
the  conductor  in  the  direction  indicated. 
Then,  according  to  a  rule  suggested  by 
Maxwell, 

"The  direction  of  the  current  and  that 
of  the  resulting  magnetic  force  are  related  to 
one  another,  as  the  rotation  and  travel  of  an 
ordinary  (i.  «.,  right-handed)  screw." 

Consequently  the  lines  of  magnetic  force 
would  surround  the  loop  in  the  manner 
shown.  The  field  of  such  a  loop,  on  be- 
ing explored  with  a  compass  needle  or 
filings,  will  be  seen  to  retain  the  general 
character  of  the  field  surrounding  a 
straight  conductor;  and  consequently  all  the  lines  will  leave  by  one 
face  and  retui:n  by  the  other,  the  entire  number  passing  through  the 
loop.  Hence  one  face  of  the  loop  will  be  etjuivalent  to  the  north  poK 
of  a  magnet,  and  the  opposite  face  will  correspond  to  the  south  pole. 
In  fact  the  loop  will  act  exactly  as  if  it  were  a  thin  disc  magnet- 
ized perpendicularly  to  its  plane. 

By  placing  side  by  side  several  of  these  current  loops,  with  their 
transverse  axes  in  the  same  straight  line,  there  is  formed  a  solenoid 
(Fig.  6);  and  exploration  of  the  resulting  field  by  any  of  the  above 
methods  shows  that  the  lines  of  force  pass  right  through  the  interior 
of  the  solenoid,  leaving  by  one  end  and  returning  by  the  opposite 
end  as  suggested  by  Maxwell's  nile.  A  cylinder  of  soft  iron  inserted 
in  the  space  within  the  solenoid  will  l)e  found  to  act  strongly  as  a 

•  A  unit  magrH^U  poU  is  one  wblcb.  wben  placed  at  »  dUuuice  of  one  centimeter 
from  a  similar  pole,  In  vacuum  or  practically  air,  exerti  opon  It  a  force  of  one  dyne. 


Pig.  5.    Magnetic  Field  around 
a  Conducting  Loop. 
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magnet  when  the  current  flows  around  the  solenoid ;  but  if  the  current 
is  intemipted,  the  magnetic  effect  almost  disappears.  Reversal  of 
the  current  will  be  found  to  reverse  the  polarity  of  the  core,  while 
increasing  the  current  augments  the  magnetic  strength  of  the  coil. 

Toroid.  Bend  the  solenoid  of  the  previous  paragraph  around 
until  its  ends  meet;  or  produce  the  same  winding  by  turning  insulated 
wire  around  an  endless  ring  core  of  circular  cross-section.  The 
arrangement  thus  produced  will  be  a  toroid,  commonly  called  Faraday's 
nng:  and  if  the  wires  are  wound  closely  and  uniformly  over  the  whole 
periphery,  the  lines  of  force  will  be  closed  curves  whose  paths  lie 

^  entirely  within  the 

^^-''''''  "" "" --.^  turns; consequent- 

ly there  are  no 
external  poles — a 
unique  electro- 
magnetic condi- 
tion. 

Magneto-Elec- 
tric Induction. 
Thus  far  the  con- 
dition of  the  mag- 
netic field  has  been 
determined  by  means  of  filings  or  magnets;  but  neither  of  these 
methods  can  be  used  to  explore  the  interior  of  an  iron-cored  toroid. 
It  b  possible,  however,  to  employ  for  this  purpose  the  principles 
of  magneto-electric  induction  discovered  by  Faraday  in  1831.  One 
of  the  laws  governing  this  phenomenon,  first  enunciated  by  Neumann 
in  such  manner  as  to  permit  determination  of  the  electromotive  force 
developed,  is  as  follows: 

"Whenever  the  flux  interlinked  with  a  circuit  is  varying,  there  is  an 
e.  m.  f.  acting  around  the  circuit,  proportional  to  the  time  rate  of  change 
of  the  flux,  the  positive  direction  of  the  e.  m.  f.  and  the  positive  direction 
of  the  flux  passing  through  the  circuit  being  related  to  each  other  as  are  the 
rotation  and  travel  of  a  right-handed  screw.  That  is,  if  a  circular  loop  is 
moved  in  the  field  of  a  magnet  in  such  a  way  that  it  does  not  enclose  the 
same  anwunt  of  flux  at  any  two  successive  instants,  then  there  is  induced  in 
the  loop  an  e.  ni.  f.  whose  value  is  proportional  to  the  change  of  enclosed 
flax  per  unit  time.  A  similar  effect  will  be  obtained  by  keeping  the  loop 
fixed,  aod  moving  the  magnet." 


Fig.  bk    Arrangement  of  Conductive  Loops  Forming  a 
Solenoid,  wlib  Surrounding  Magnetic  Field. 


14 


DYNAMO-ELECTRIC  MACHINERY 


We  thus  ha\'e  a  way  to  investigate  the  condition  of  the  field 
within  the  solid-cored  toroid  previously  mentioned.  Suppose  a 
loop  of  insulated  wire  to  be  placed  around  the  toroid  in  Fig.  7,  and 
suppose  the  terminals  of  this  loop  to  be  led  to  a  ballistic  galvanometer 
(that  is,  an  instrument  which  will  measure  current  impulses).  Then 
if  the  magnetizing  coil  of  the  toroid  Ihj  energized  by  passing  a  current 
through  it,  the  galvanometer  will  give  a  sudden  throw  the  instant 
the  current  is  started.  Similarly,  when  the  circuit  is  broken  and  the 
current  ceases,  the  galvanometer  indicates  the  passage  of  another 
current  impulse  through  the  loop, 
the  deflection,  however,  being  in  the 
opposite  direction. 

The  loop  is  next  removed  from 
the  toroid  and  placed  in  front  of  an 
iron-cored  solenoid  which  can  be 
energized  or  de-energized  at  will  by 
closing  or  opening  a  switch,  and  it 
will  be  found  that  similar  effects  are 
produced.  Let,  now,  the  electro- 
magnet be  energized  and  de-ener- 
gized periodically,  and  the  loop  or 
exploring  coil  be  turned  so  that  its 
axis  occupies  every  possible  direc- 
tion in  space,  the  center  of  the  loop 
remaining  stationary  throughout.  It  will  be  found  that  when  this 
axis  is  in  one  particular  plane,  no  impulse  will  pass  through  the 
exploring  coil  when  the  exciting  current  of  the  electromagnet  is 
caused  to  flow,  to  cease,  or  to  reverse.  From  what  has  been  ex- 
plained previously,  we  see  that  in  this  case  the  loop  interlinks  with 
no  flux,  hence  its  plane  must  be  parallel  to  the  direction  of  the  flux. 
Also  we  see  that  when  the  plane  of  the  loop  takes  any  other  posi- 
tion, the  flux  interlinked  with  it  depends  upon  the  relation  be- 
tween the  plane  of  the  loop  and  the  difCction  of  the  flux.  If  we 
call  the  angle  between  the  direction  of  the  flux  and  the  axis  of  the 
loop  a,  the  flux  enclosed  by  the  loop  for  any  given  value  of  the 
exciting  current  of  the  electromagnet  will  be  proportional  to  the 
cosine  of  a.  The  quantity  we  are  thus  investigating  is  a  directed 
quantity,  and  may  therefore  be  represented  by  a  vector. 


Fig.  7.    Lines  of  Force  In  Toroid  Sur- 
rounded by  a  Magnetizing  ColL 
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Lines  of  Magnetic  Induction.  This  quantity  is  called  the 
maffnctic  induction  or  fiix,  and  its  direction  at  any  point  is  defined 
as  that  of  the  axis  of  the  loop  when  in  the  position  giving  the  greatest 
inductive  effect  on  energizing  or  de-energizing  the  electromagnet.  Its 
direction  is  also  defined  by  Neumann's  law.  If,  now,  a  curve  be  drawn 
following  the  direction  of  the  flux,  this  curve  will  be  a  line  of  mag- 
netic induction.  The  flux  and  flux-density  are  defined  in  a  way 
precisely  similar  to  magnetic  force. 

Relation  between  Magnetic  Force  and  Magnetic  Induction.  In 
the  earliest  of  Faraday's  experiments  with  solenoids,  he  found  that 
the  flux  through  any  of  these  was  much  greater  when  iron  was 
inserted  than  when  air  or  wood  was  enclosed  by  the  coil  of  wire.  He 
ascribed  this  peculiar  circumstance  to  the  greater  "conducting  ix)wer 
of  the  magnetic  medium  for  lines  of  force."  Lord  Kelvin  introduced 
the  phrase  magnetic  fermeahility  for  this  property  of  magnetic  ma- 
terials, and  it  is  defined  as  the  ratio  between  the  magnetic  induction 
{B)  produced  in  the  medium  and  the  magnetic  force  {H)  to  which 
that  induction  is  due;  i.  e., 

B 

Magnetic  Permeability.  The  precise  notion  now  attached  to 
this  term  is  that  of  a  numerical  coeflBcient,  and  it  is  analogous  to 
electrical  conductivity.  Its  value  is  dependent  upon  the  character 
of  the  substance  and  the  magnetizing  force  or  m.  m.  f.  applied  to 
the  substance.  For  vacuum  its  value  is  unity;  for  air  it  is  practically 
unity;  for  magnetic  materials  it  is  greater  than  1  and  may  reach  2,500 
for  soft  iron;  while  for  diamagnetic  materials  it  is  slightly  less  than  L 
The  permeability  of  such  non-magnetic  materials  as  silk,  cotton,  and 
other  insulators,  also  of  brass,  copper,  and  other  non-magnetic 
metals,  is  taken  as  unity,  being  practically  the  same  as  for  air. 

The  permeability  of  iron,  however,  varies  very  greatly  with  the 
degree  to  which  it  has  been  magnetized.  In  all  kinds  of  iron  (after 
passing  the  initial  stage  mentioned  below),  the  magnetizability  of 
the  material  becomes  diminished  as  the  actual  magnetization  is 
pushed  further;  in  fact,  there  is  a  tendency  to  magnetic  saturation. 
In  other  words,  when  the  piece  of  iron  has  been  magnetized  up  to  a 
certain  degree,  it  becomes  less  permeable  to  further  magnetization; 
and  although  actual  saturation  is  never  reached,  there  is  a  limit 
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beyond  which  the  magnetization  cannot  be  increased  with  practical 
advantage.  This  is  shown  in  Fig.  8,  which  represents  the  per- 
meability curN'e  of  a  sample  of  good  iron  or  steel  as  used  in  dynamo 
magnet  construction.  The  practical  limit  of  the  flux-density  (B) 
in  good  wrought  iron  and  in  mild  steel,  is  about  20,000  Hnes  of  mag- 
netic induction  per  square  centimeter;  and  in  cast  iron  the  saturation 
limit  in  practice  is  about  12,000  lines  per  square  centimeter.  In 
square-inch  units  these  limits  are,  for  wrought  iron  and  mild  steel, 
about  125,000  or  130,000  lines  per  square  inch;  and  for  cast  iron, 
about  70,000  lines  per  square  inch. 

Magnetic  Circuit.  Returning  to  the  toroid  of  Fig.  7,  we  see  that 
the  lines  pass  through  the  interior  of  the  toroid,  forming  a  closed  mag- 
netic circuit.  Now,  it  is  found  that 
the  total  flux  within  the  toroid  is 
equal  to  the  ratio  between  the  mag- 
netomotive force  acting  around  the 
magnetic  circuit  and  the  reluctance 
of  that  circuit;  that  is 

m.  m.  f. 

in  which, 

<l>  =  Total  flux; 

m.  m.   f.  =  Magnetomotive 
force; 

R  =  Magnetic    reluc- 
tance. 

Magnetomotive  Force.  By  this  term  is  meant  the  total  mag- 
netizing jx)wer  of  an  electric  current  circulating  in  a  coil.  It  is  found, 
when  a  current  flows  in  a  wire  wound  several  times  around  a  core,  as 
in  Fig.  9,  that  the  magnetizing  power  is  proportional  both  to  the 
strength  of  the  current  and  to  the  number  of  turns  of  wire.  The 
magnetizing  power  is  independent  of  the  size  of  the  wire  or  tlie  coils 
and  of  their  shape,  remaining  also  the  same  whether  the  spirals  are 
close  together  or  wide  apart.  Hence  if  T  be  the  number  of  turns  in 
the  coil,  and  /  be  the  current  in  amperes  passing  through  each  turn, 
the  magnetomotive  force  is, 
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A  straight  conductor  carrying  an  electric  current  of  which  the 
return  is  very  distant,  as  in  Fig.  10,  is  surrounded  by  circular  con- 
centric lines.    Taking  one  of  these  lines  at  a  distance  r  centimeters 

from  the  axis  of  the  wire,  which  we 
suppose  to  be  carrying  1  amperes 

(that  is,  —units  of  current  in  C. 

G.  S.   electromagnetic  units),  the 

intensity  of  the  field  at  any  point 

at  radius  r  has  the  uniform  value 

2/ 

— r- ,  and  its  direction  is  that  of  the 

lOr 

given  line,  of  which  the  length  is 
27rr.  Hence  the  total  force  around 
the  circle  of  radius  r  concentric 
with  the  axis  of  the  conductor,  will 

be  the  product  of  the  force  at  any  point  of  its  circumference  into  the 

length  of  this  circumference ;  i.  e. , 

lo^x  2-^  =  10-^- 


Pig.  9.    Showing  Relation  between 

Magnetizing  Power  of  a  Coll  and 

Its  Number  of  Turns. 


Down 

Fig.  10.    lUostratlzig  Variation  lu  Intensity  of  Magnetic  Field  Surrounding  a  Conductor 
with  Distant  Return. 

And  if  the  single  wire  be  replaced  by  T  turns,  the  force  will  be  T 

4ir 
times  as  large,  or  —-I  T,  IT  being  called  the  ampere-turns. 

Reluctance.    We  have  seen  from  the  equation  of  the  magnetic 
circuit,  that  the  total  flux  is  inversely  proportional  to  the  reluctivity 
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of  the  materials  of  which  it  is  composed;  it  is  directly  proportional 
to  the  permeability  which  is  the  reciprocal  of  the  reluctivity.  The 
reluctance  or  magnetic  resistance  of  a  circuit  is  therefore  obviously 
proportional  to  its  length,  and  inversely  proportional  to  its  area  of 
cross-section  and  its  permeability;  that  is, 
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In  designing  electromagnets,  before  calculations  can  be  made 
as  to  the  size  of 
the  iron  core  re- 
quired, it  is  nec- 
essary to  know 
the  magnetic 
properties  of 
that  particular 
iron;  for  it  is  ob- 
vious that  infe- 
rior permeability 
demands  a  larger 
cross-section  to 
obtain  a  given 
flux,  or  inferior 
permeability  will 
require  more  turns  of  copper  wire  to  be  used. 

Magnetization  Curves.  A  convenient  method  of  studjnng  the 
magnetic  facts  respecting  any  particular  brand  of  iron,  is  to  plot  as 
a  diagram  the  curve  of  magnetization — that  is,  the  curve  representing 
the  relation  between  the  magnetic  force  plotted  horizontally,  and 
the  magnetic  induction  plotted  vertically. 

Tlie  upper  curve  in  Fig.  11  gives  the  behavior  of  annealed 
wrought  iron.  The  ascending  cun'e  shows  the  relation  between  the 
intensity  of  the  magnetizing  force  H  and  the  flux-density  B  during 
the  process  of  increasing  the  magnetizing  force  from  zero  to  about 
210  units;  and  the  descending  line  shows  the  same  relation  during 
the  process  of  decreasing  the  magnetizing  force  to  zero,  and  then 
reversing  it  so  as  to  remove  the  residual  magnetic  lines.  The  lower 
cun'e  shows  the  behavior  of  grey  cast  iron. 

Every  sample  of  iron  will  show  a  similar  set  of  results,  which  can 
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be  plotted  in  the  form  of  a  curve  that  is  characteristic.  The  curves 
for  cast  iron  and  hard  steel  always  have  lower  values  than  those  for 
wrought  iron  or  mild  steel.  In  addition,  it  will  usually  be  noted  that 
when  a  fresh  piece  of  iron  or  steel  is  subjected  to  a  gradually  increasing 
magnetizing  force,  the  lowest  part  of  the  curve  presents  near  its 
origin  a  small  concavity  (see  Fig.  11),  showing  that  under  certain 
magnetizing  forces  the  permeability  is  greater  than  at  the  initial 
stage.    This  concavity  is  more  pronounced  in  the  case  of  hard  iron 

and  steel  than  in  the 
>0oooF 1 — c-^.i  AT.neaiedj;2:j,--^,jp=^         |        cascof  soft  iron,but 

the  cun^es  differ  in 
detail  even  in  differ- 
ent specimensof  the 
same  sort  of  iron. 
Fig.  12  gives  a 
comparative  idea 
of  the  relation  be- 
tween the  magnetic 
properties  of  the 
various  irons  and 
steels  used  in  dyna- 
mo manufacture. 
Thus  far  we  have  con- 
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Effect  of  Air-Gap  in  Magnetic  Circuit, 
sidered  the  magnetic  circuit  as  made  up  of  a  solid,  endless  ring  of 
iron.  But  suppose  it  to  be  built  up  partly  of  iron  and  partly  of  some 
non-magnetic  material,  as  air  or  copper.  We  then  have,  as  the  total 
reluctance  of  the  magnetic  circuit,  the  sum  of  the  reluctances  of  the 
various  parts  of  the  circuit.  For  example,  if  we  have  a  ring  made  up 
of  li  centimeters  of  iron  and  la.  centimeters  of  air,  the  reluctance  of  this 
magnetic  circuit  would  be. 
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fll  Ai         /la  Aa. 

in  which  fi  and  A  are  respectively  the  permeability  and  cross-sec- 
tional area  of  the  materials  denoted  by  the  subscripts. 

It  follows,  then,  that  the  total  flux  ot  such  a  circuit  would  be, 
._         OAttIT 

U         I  ^a 

Mi  ^1         A*a^a 

in  which  /  T  represents  the  ampere-turns  and  .4  7r  =  1.257  as  before. 
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Since  the  magnetic  permeability  of  air  is  constant  and  prac- 
tically equal  to  unity,  we  sec  that  an  air-gap  or  its  equivalent  intro- 
duced into  a  magnetic  circuit  previously  consisting  of  iron,  VtiW 
increase  the  m.  m.  f.  required  to  produce  the  same  flux  as  before, 
due  to  the  inferior  permeability  of  the  non-magnetic  portion. 

S.  P.  Thompson  makes  this  plain  by  a  graphical  method  as 

follows: 

"The  curve  OcC  (Fig.  13)  represents  the  relation  between  the  number  of 
magnetic  lines  in  an  iron  bar  and  the  ampere-turns  (  =  ///  -f-  1.257)  needed  to 
force  these  magnetic  lines  through  the  iron.  For  example,  to  reach  the  height 
c,  the  excitation  has  to  be  of  the  value 
represented  by  the  length  Ox\.  On  the 
same  diagram  the  line  ObB  represents 
the  relation  between  the  magnetic  flux 
across  the  air-gap  and  the  ampere- 
turns  of  current  (stream)  required  to 
force  this  flux  across.  If  the  gap  were 
1  centimeter  long,  0.795  ampere-turn 
would  produce  the  field  H  ^  B  =  1. 
In  the  present  case  the  gap  is  sup- 
posed to  be  shorter  than  1  centimeter, 
the  line  sloping  up  at  such  an  angle 
that  the  length  On  represents  the 
ampere-turns  requisite  to  bring  the 
magnetic  flux  up  to  b,  the  same  height 
on  the  scale  as  c.  The  total  amount 
of  e-xcitation  required  to  force  these 
magnetic  lines  through  air  and  iron  will  (neglecting  leakage)  be  the  sum  of 
the  separate  amounts.  The  point  xs  is  chosen  so  that  Oxa  is  equal  to  the 
sum  of  Oxi  and  Ox»,  or  that  the  distance  of  the  point  r  from  the  vertical  axis 
b  equal  to  the  sura  of  the  respective  distances  of  c  and  b.  If  the  same  thing 
is  done  for  a  large  number  of  corresponding  points,  the  resultant  curve  OrR 
may  be  constructed  from  the  two  separate  curves.  It  will  be  seen,  then, 
that  in  general  the  presence  of  a  gap  in  the  magnetic  circuit  has  the  effect 
of  causing  the  magnetic  curve  to  rake  over,  the  initial  slope  being  determined 
by  the  air-gap." 

Effect  of  Joints  in  the  Magnetic  Circuit.  Ewing*  tried  the  effect 
of  different  numbers  of  joints  in  the  iron  of  a  magnetic  circuit  for 
various  magnetizing  forces,  his  results  being  given  in  Fig.  14.  They 
refer  to  a  bar  of  wrought  iron  cut  across,  first  into  two  pieces,  then 
into  four,  and  finally  into  eight  pieces.  He  also  found  that  when  the 
faces  of  a  cut  were  carefully  surfaced  up  to  true  planes,  the  disad- 
vantageous effects  of  the  cut  were  considerably  reduced,  and  under 


Pig.  13.    Oraptatcal  Method  of  .Showing 
Effect  of  Alr-Uap  In  a  Magnetic  Clrcolu 
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considerable  pressure  applied  externally  almost  vanished.  An  ordi- 
nary joint  is  equivalent  to  an  air-gap  of  about  .005  cm.  =  .002  inch. 
Effects  of  Heat.  When  iron  is  raised  to  600°C.,it  begins  to  lose 
its  magnetic  properties ;  and,  if  the  temperature  is  increased  to  780°C., 
they  entirely  disappear.  At  temperatures  between  0°C.  and  100°C., 
various  other  effects  have  been  noted,  such  as  aging — that  is,  an 
increase  in  the  hysteresis.    In  dynamos,  however,  these  effects  are 

practically  negligible,  since  the 
working  temperature  should  not  ex- 
ceed 75°C. 

Residual  Magnetism.  It  has 
been  found,  when  the  magnetizing 
forces  have  been  removed  from  a 
specimen  of  iron,  that  it  still  exhib- 
its some  phenomena  of  magnetism. 
This  residual  magnetism  depends 
for  its  magnitude  upon  the  charac- 
ter of  the  iron  or  steel,  being  greater 
in  the  harder  grades  than  in  the 
softer  ones. 

Referring  to  Fig.  11,  it  will  be 
seen  that  when  a  specimen  of 
wrought  iron  was  magnetized  to  a 
high  flux-density,  and  the  m.  m.  f.  then  reduced  to  zero,  the  flux- 
density  diminished  only  to  about  7,300  lines  per  square  centimeter, 
the  descending  curve  of  magnetization  being  above  the  ascending 
one.  The  name  remanence  is  given  to  the  lines  per  square  centi- 
meter so  remaining.  Furthermore,  in  order  to  remove  this  rema- 
nence, it  is  necessary  to  apply  a  certain  negative  magnetizing  force, 
termed  by  Hopkinson  the  coercive  force.  It  varies  in  magnitude 
from  2  for  soft  wrought  iron,  to  about  80  units  or  more  for  hard  steel. 
Effects  of  Cycles  of  Magnetization.  This  tendency  of  the  mag- 
netic effects  to  lag  behind  the  forces  producing  them  has  been  named 
by  Ewing  hysteresis,  and  is  best  studied  by  subjecting  the  iron  speci- 
men to  one  or  more  complete  cycles  of  magnetization.  For  instance, 
suppose  the  m.  m.  f.  applied  to  a  piece  of  iron  to  be  increased 
gradually  from  zero  to  a  maximum  value,  then  decreased  through 
zero  to  an  equal  n^ative  maximum,  and  finally  to  reverse  and  return 


Pig.  14.    Curves  Showing  Effects  of 
Joints  in  Magnetic  Circuit. 


22 


D\'NAMO-ELECTRIC  MACHINERY 


13 


through  zero  to  the  positive  maximum  value.  The  magnetic  changes 
for  such  a  complete  cycle  are  shown  in  Fig.  15  for  specimens  of  iron 
and  steel  respectively. 

The  process  as  shown  by  the  diagram,  is  started  with  the  flux- 
density  and  m.  m.  f.  at  zero.  The  latter  is  then  increased  to  about 
GO  units,  in  the  case  of  the  piece  of  iron,  the  resulting  flux-density 
being  16,000.  The  m.  m.  f.  is  then  reduced  to  zero,  the  flux- 
density  only  decreasing  to  12,800.  At  a  m.  m.  f.  of  -3,  the  flux- 
density  is  brought  to  zero;  that  is,— 3  is  the  coercive  force,  and  12,800 
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Fig.  15.    Cnrrea  Sbowlng  Magnetic  Changes  In  Iron  and  Steel  Dne  to  Complete  CyclM 

of  Magnetization. 

the  remanence.  With  a  m.  in.  f.  of— 60,  the  flux-density  is— 15,500; 
and  varying  the  m.  in.  f.  from  this  point  to  zero,  leaves  the  specimen 
with  a  flux-density  of— 12,000.  Further  increasing  the  m.  m.  f. 
until  the  flux-density  becomes  zero,  the  final  m.  m.  f.  is  found  to  be 
4-  3.  From  this  point  the  m.  m.  f.  is  increased  to  its  former  maximum 
value,  this  ascending  cune  differing  a  little  from  the  first.  Thus 
we  see  that  when  a  specimen  of  magnetic  material  is  put  through  a 
complete  magnetic  cycle,  the  coincident  values  of  the  in.  m.  f.  and 
the  flux-density  form  a  close  curve.  The  area  thus  enclosed  has  been 
shown  by  Warburg  and  Ev^ing  to  represent  the  energy  wasted  as 
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TABLE  I 
Hysteretic  Constants  for  Different  Materials 


Matebial 

Htsteb- 
etic  Con- 
stant rj 

.002 

.0024 

.003 

.0033 

.004 

.0045 

Matebial 

Htsteb- 

etic  Con- 
stant?^ 

Very  soft  iron  wire 

Very  thin  soft  sheet  iron. . . 

Thin  good  sheet  iron 

Thick  sheet  iron 

Soft  annealed  cast  steel. . . 

Soft  machine  steel 

Cast  steel 

.008 
.0094 
012 

Cast  iron 

Hardened  cast  steel 

.016 

Most  ordinary  sheet  iron. .  . 
Transformer  cores 

.025 

heat  in  the  material,  when  the  specimen  is  put  through  a  complete 
cycle;  and  its  value  depends  upon  both  the  character  of  the  material, 
and  the  degree  of  magnetization,  being  greater  for  hard  steel  than 
for  soft  iron  with  the  same  range  of  magnetization. 

Iron,  when  placed  in  an  alternating  magnetic  field,  is  not  only 
subjected  to  the  hysteresis  phenomena  above  considered,  but  it  also 
becomes  subjected  to  a  set  of  parasitic  electrical  currents.  These  tend 
further  to  heat  the  iron,  and  are  called  Foucault  or  eddy  currents; 
their  path,  by  Maxwell's  law,  is  perpendicular  to  the  direction  of  the 
flux.  Their  value  may  be  lessened  by  increasing  the  resistance  of 
their  path — that  is,  by  laminating  the  iron  in  a  direction  'parallel 
to  the  direction  of  the  flux  and  perpendicular  to  the  path  of  these 
currents,  each  sheet  of  iron  being  insulated  from  its  neighbors.  In 
practice,  these  laminae  vary  from  about  15  to  25  mils  (0.015  inch  to 
0.025  inch)  in  thickness. 

Calculation  of  Heat  Waste  in  Iron  Cores.  From  consideration 
of  a  great  many  tests  of  hysteretic  losses.  Dr.  C.  P.  Steinmetz  pro- 
posed the  following  law  connecting  the  hysteresis  loss  h  in  ergs  per 
cubic  centimeter  per  cycle  and  the  maximum  flux-density  B  attained 
during  a  cycle: 

h  =  vB'\ 
wherein  »?  is  a  coefficient  called  the  hysteretic  constant,  depending 
for  its  value  upon  the  quality  of  the  material.     Some  of  these  con- 
stants are  given  in  Table  I  for  ordinary  frequencies.    This  law  is 
practically  true  for  all  cycles  ranging  up  to  200  per  second. 

By  applying  the  proper  transformation  factors,  the  Steinmetz 
formula  reduces  to : 

Wb  =  0.83  XVX  f  X  B'  •  X  10-^ 
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wherein 

W^  —  Hysteresis  loss  in  watts  per  cubic  inch  of  iron; 
/    ■■  Frequency  in  cycles  per  second; 
B    «■  Flux-density  in  lines  per  square  inch. 

In  Fig.  16  are  given  graphically  the  hysteresis  losses  in  watts  per 
cubic  inch  of  iron  per  cycle  per  second,  with  various  hysteretic 
constants. 

Besides  the  hysteretic  loss  in  iron  cores,  there  is  also  the  widy- 
current  loss,  which  varies  directly  as  the  scjuare  of  the  thickness  of 
the  iron  laminte,  as  the  square  of  the  maximum  flux-density,  and  as 
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Pig.  16l    Curves  Showing  Hysteresis 
Losses  In  Iron  with  Various  Hys- 
teretic CoostantJi. 


Fig.  17.  Curves  Showing  Eddy-Current 

Losses  in  Iron  of  Varying  Thickness 

under  Varying  Flux-Density. 


the  square  of  the  frequency.    The  formula  obtained  by  calculation 
and  found  to  agree  closely  with  practice,  is: 

TT.  =  40.6  XO  X  B"  X  n^  X  1(^'», 
wherein 

W,  =  Watts  loss  due  to  eddy  currents  per  cubic  inch  of  iron; 
t     =  Thickness  of  the   iron  plate.s,   in   inches:  and  tho  othor  symbols 
have  the  meanings  previously  assigned. 

Fig.  17  exhibits  values  of  W^,  graphically  for  various  thicknesses 
of  iron  over  wide  ranges  of  flux-density  at  one  cycle  per  second. 

The  sum  of  these  losses  for  any  electrical  machine  is  called  for 
brevity  the  iron-losses  of  that  machine.  Calculations  for  actual 
machines  will  be  given  later. 
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Rotational  Hysteresis.  When  a  piece  of  iron  is  rotated  in  a 
magnetic  field,  it  passes  through  a  magnetic  cycle,  but  in  a  way  far 
different  from  that  which  has  been  described.  Mordey  found  the 
losses  to  be  slightly  lower  for  rotation  than  for  reversal;  while  Baily 
went  further  and  showed  (Fig.  18)  that  the  former  loss  was  slightly 
greater  than  the  latter  for  flux-densities  up  to  15,000  lines  per  square 
centimeter,  but  that  beyond  this  point  the  loss  due  to  rotation 
rapidly  diminished  with  increase  in  flux-density. 

Owing,  however,  to  eddy-current  losses,  the  flux-densities  in 
those  parts  of  electrical  machines  which  rotate  in  a  fixed  magnetic 

field  are  not  allowed  to  exceed 
15,000  lines  per  square  centi- 
meter (15,000  X  6.45  lines  per 
sq.  in.),  except  in  the  arma- 
ture teeth  of  direct-current 
machines.  We  may  therefore 
neglect  this  difference,  as  is 
usual  in  practice,  and  may  cal- 
culate both  kinds  of  hysteresis 
loss  by  the  formula  previously 
given.  According  to  Ewing, 
this  rotation  loss  is  molecular 
magnetic  friction  and  not  true 
hysteresis,  because  the  mag- 
netization does  not  necessarily 
lag  behind  the  m.  m.  f. 
Miscellaneous  Magnetic  Effects.  Retardation  of  Magnetization. 
It  has  long  been  known  that,  owing  to  the  eddy  currents  produced 
in  the  iron  cores  of  electromagnets,  the  magnetism  of  the  inner  part 
builds  up  less  rapidly  than  that  of  the  outer  parts.  Similarly,  when 
the  m.  m.  f.  is  cut  off,  the  inner  part  of  the  core  retains  its  magnetism 
longer  than  the  outer  parts.  In  dynamos  with  large  field-magnets, 
several  minutes  may  elapse  before  the  field  will  build  up  or  change, 
and  Hopkinson  has  shown  that  the  retardation  varies  as  the  square 
of  the  linear  dimensions  of  the  core. 

Magnetic  Creeping.  Ewing  found  that  when  a  steady  m.  m.  f. 
was  applied  to  a  specimen  of  iron,  and  the  magnetism  measured 
at  intervals,  the  flux-density  kept  continually  creeping  up  although 
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the  m.  in.  f.  was  absolutely  constant.  He  nameil  this  viscous  hys- 
teresis; but  it  is  a  tnio  magnetic  lag,  antl  must  not  be  confounded 
with  the  lag  in  phase  resulting  in  the  formation  of  a  loop,  or  the  lag 
due  to  self-induction  occasioned  by  eddy  currents  in  the  iron. 

Slow  Changes  in  the  Magnetic  Properties  of  Iron.  WTien  iron  b 
continually  subjected  to  rapidly  alternating  fluxKlensities,  especially 
when  the  temperature  rises  above  100°C.,it  is  found  that  the  hysteretic 
loss  is  perceptibly  increased.  This  eflfect  has  been  observed  in  con- 
nection with  transformers,  where  the  iron  losses  play  an  important 
part  in  the  working;  but  in  continuous-current  djuamos  and  motors 
the  effect  is  negligible.    (See  page  12). 

Magnetic  Dampers.  If  a  magnetic  flux,  whether  in  air  or  iron 
be  surrounded  by  a  closed  electrical  circuit,  any  change  in  the  value 
of  the  flux  will  induce  an  e.  m.  f.  in  that  metallic  circuit,  tending 
to  oppose  the  flux  change.  It  has  suggested  itself,  therefore,  to 
builders  of  dynamos,  to  surround  the  magnet-poles  with  copper 
bands  in  order  to  reduce  the  possibility  of  sudden  field  fluctuation. 
This  feature  is  employed  extensively  in  alternating-current  generators, 
synchronous  motors,  and  rotary  converters,  under  the  name  of 
dampers  or  damping  rings. 

Generation  of  E.  M.  F.  by  Cutting  Flux.  Whenever  lines  of 
magnetic  flux  are  cut  by  a  conductor,  an  e.  m.  f.  is  produced  in  that 
conductor,  the  value  of  the  e.  m.  f.  being  one  volt  when  100,000,000 
or  10*  Hues  are  cut  per  second.  In  other  words,  the  e.  m.  f.  depends 
solely  upon  the  tirn^  rate  of  cutting,  so  that  one  volt  would  also  be 
set  up  if  10"  lines  were  cut  in  one-hundredth  of  a  second.  In  both 
cases  the  time  rate  of  cutting  is  supposed  to  be  uniform  throughout 
the  given  time. 

The  generation  of  e.  m.  f.  is  absolutely  certain,  no  matter 
when  or  by  what  process  the  lines  arc  cut.  A  current,  however,  will 
flow  only  when  there  is  a  closed  electrical  circuit.  A  straight  bar  of 
copper,  for  example,  cutting  across  a  magnetic  field,  would  have  a 
potential  difference  established  between  its  ends;  but,  excepting  a 
slight  displacement  current  at  the  start,  no  current  would  flow  until 
the  electrical  circuit  was  completed.  We  should  distinguish,  there- 
fore, between  the  generation  of  an  e.  m.  f.  and  the  flow  of  a  current. 
Thus,  it  may  happen  that  two  or  more  opposing  voltages  neutralize 
each  other,  so  that  no  current  whatsoever  flows,  even  though  theelec- 
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trical  circuit  is  complete.  This  is  the  case  when  a  copper  ring  is  moved 
in  its  own  plane  across  a  uniform  field;  the  two  halves  cut  an  efjual 
number  of  lines,  and  the  e.  m.  f.  produced  in  one  half  is  exactly  equal 
but  opposite  to  that  produced  in  the  other  half  of  the  ring,  making 
the  current-flow  zero.  This  explains  the  fact  that  the  flux  in  a  coil  of 
wire  must  be  varied  in  order  to  permit  a  current  to  flow;  or,  in  other 

words,  the  coil  must 
be  filled  with  and 
emptied  of,  lines  of 
magnetic  induc- 
tion, in  which  case 
an  alternating  cur- 
rent is  produced. 
This  is  often  stated 
so  broadly,  how- 
ever, that  it  seems 
to  mean  that  an 
e.  m.  f.  cannot  be 
obtained  in  a  uni- 
form field.  As  al- 
ready stated,  an  e.  m.  f.  must  be  produced  v/henever  magnetic  lines 
are  cut,  though  a  flow  of  current  may  not  result. 

Elementary  Generator.  The  simplest  form  of  generator  con- 
sists of  a  loop  of  wire  arranged  to  rotate  in  a  uniform  magnetic  field. 
Fig.  19.  The  generation  of  e.  m.  f.  in  such  a  dynamo  will  be  as 
follows:  Assume  the  loop  with  its  plane  parallel  to  the  direction  of 
the  flux.  If,  then,  the  loop  be  rotated  counter-clockwise  about  its 
axis  Xy,  the  sides  AB  and  CD,  which  cut  lines  of  magnetic  induction, 
will  have  an  e.  m.  f .  induced  in  them  that  will  tend  to  cause  a  current 
flow  in  the  directions  indicated  by  the  arrows.  The  value  of  this 
e.  m.  f.  will  depend  upon  the  speed  or  time  rate  of  cutting;  and  since 
this  rate  is  greatest  when  the  plane  of  the  loop  is  parallel  to  the  direc- 
tion of  the  flux,  the  e.  m.  f.  developed  at  the  instant  represented 
in  Fig.  19  will  be  a  maximum.  As  the  loop  approaches  the  90°  or 
vertical  position,  the  generated  e.  m.  f.  gradually  decreases  because 
the  rate  of  cutting  is  diminishing,  until,  at  the  90°  position,  the  cutting 
of  the  flux  and  the  generated  e.  m.  f.  are  both  zero.  If  the  rotation  is 
continued,  the  rate  of  cutting  gradually  increases  until  the  180° 


Fig.  19.    Illustrating  the  Elementary  Principles  of  the 
Generator. 
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position  is  reached,  where  it  again  becomes  a  maximum,  so  that 
the  e.  ra.  f.  generated  at  this  intant  is  also  a  maximum.  The  cut- 
ting, however,  in  the  two  (juadrants  following  the  90°  position,  has 
been  in  the  opposite  direction  to 
that  occurring  in  the  first  quadrant, 
so  that  the  direction  of  the  e.  m.  f. 
generated  in  the  second  and  thin! 
quadrant  is  reversed  with  respect 
to  that  generated  in  the  first  quad- 
rant. In  passing  from  the  1S0° 
position  to  the  270°  position  the 
rate  of  cutting  and  the  generated 
e.  m.  f.  again  diminish  to  zero;  and  from  270°  to  the  360°  or  0°  po- 
sition, the  rate  of  cutting  increases  and  the  direction  of  the  gener- 
ated e.  m.  f.  is  the  siime  as  that  pnxiuced  in  the  first  quadrant,  the 
e.  m.  f.  rising  once  more  to  a  maximum  value  at  the  360°  position. 
Plotting  the  various  instantaneous  values  of  the  e.  m.  f.  so 
generated,  we  obtain  the  curve  shown  in  Fig.  20.     Such  an  e.  m.  f. 


TO*    5«o» 


Fig.  90.    E.  M.  P.  Curve  of  Simple 
Generator  Shown  in  Pig.  19. 


Fig.  31.    Simple  Commutator  Connected 
to  Loop  with  Single  Turn. 


Plg.SS.    Simple  Commutator  Connected 
to  Loop  with  Double  Turn. 


is  calle<l  an  alternating  one,  l)ecause  of  its  reversal  from  positive  to 
negative  values;  that  is,  it  tends  to  produce  a  current,  first  in  one 
direction  and  then  in  the  other  direction,  through  the  circuit.  If, 
however,  it  is  desirtnl  to  supply  the  external  circuit  with  a  direct  or 
continuous  current,  a  special  rectifying  device  called  a  commutator 
must  be  added. 
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In  its  simplest  form,  a  commutator  consists  of  a  metallic  tube 
slit  longitudinally  into  two  equal  parts  and  mounted  on  a  cylinder 
of  insulating  material,  each  half  being  connected  to  one  terminal  of 
a  loop  as  indicated  in  Fig.  21.     Fig.  22  shows  a  similar  arrange- 


Fig.  2S.    Simple  Form  ot  Generator.  Showing  Arrangement  of  Brushes  in  Contact 
with  Ck>mmatator  to  Oire  Unidirectional  Current  in  External  Ctrcnlt. 

ment,  except  that  the  loop  has  two  turns  instead  of  one.  Against 
this  commutator,  at  diametrically  opposite  points,  press  a  pair  of 
metallic  springs  or  brushes  which  lead  the  current  due  to  the  gen- 
erated e.  m.  f.  to  the  external  circuit.  If,  as  in  Fig.  23,  these  brushes 
are  so  set  that  each  half  of  the  split  tube  moves  out  of  contact  with 
one  brush  and  into  contact  with  the  other  brush  at  the  instant  when 
the  loop  is  passing  through  the  positions  where  the  time  rate  of 
cutting  is  minimum  (as  indicated  in  the  enlarged  end  view  of  com- 
mutator shown  at  A) ,  the  alternat- 
ing e.  m.  f.  generated  will  produce 
in  the  external  circuit  a  rectified, 
commutated,  or  unidirectional  cur- 
rent. That  is,  the  current  in  the 
external  circuit  will  flow  in  one 
direction.  If  this  external  current  be  plotted,  it  will  be  of  the 
pulsating  character  shown  in  Fig.  24.  This  explanation  need  not 
be  changed,  if,  for  a  single  loop,  we  substitute  a  coil  wound  on  an 
iron  ring  as  in  Fig.  25,  The  effect  of  this  is  to  increase  the  gener- 
ated e.  m.  f.  by  increasing  the  number  of  times  the  electrical  circuit 
cuts  the  flux.  Now,  referring  again  to  Fig.  21,  suppose,  instead  of 
one  coil  as  there  shown,  we  have  two  coils  mounted  side  by  side  and 


o" 

Fig.  24 


eO°  ISO**        270"         360" 

Curve  of  Commutated  Current. 
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connected  in  parallel  to  the  commutator  segments,  we  shall  thou 
ohtuin  the  elementary  con<lition.s  shown  in  Fig.  26.  If,  then — 
similarly  to  the  arrangement  developed  in  Fig.  25 — we  place  an  ex- 


Flg.  85.    Simple  Ring  Armature  with 
One  Coll. 


Fig.  26.    Simple  Loop  Armature  with 
Two  Colls  in  Parallel. 


actly  similar  coil  at  the  opposite  side  of  the  ring,  as  in  Fig.  27,  we 
see  that  when  its  terminals  are  connected  to  the  same  two  half- 
rings  as  the  first,  the  two  coils  are  in  parallel,  and  though  the 


Fig.  97.    Simple  Ring  Armature  with 
Two  Colls  In  Parallel. 


Pig.  n.    Ponr-Part  Ring  Armature 
(Closed  CoU). 


voltage  generated  by  revolving  this  winding  with  two  coils  is  no 
greater  than  with  one  coil,  the  current-carrying  capacity  of  the  re- 
sultant winding  is  evidently  doubled. 
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The  current  obtaineti,  however,  from  this  arrangement  has  tlie 
disadvantage  of  being  pulsating,  as  already  shown.  To  give  con- 
tinuity to  the  external  current  we  must  multiply  the  number  of  gen- 


0"  90°         180°        270°        360"      90"  IS0°        270°       360' 

Pig.  26.    Curve  of  E.  M.  F.  and  Current  Generated  by  Armature  Arrangement  of  Fig.  28. 

crating  coils,  and  also  the  number  of  commutator  segments,  arrang- 
ing the  coils  around  the  armature  so  that  one  set  will  come  into  action 
before  the  other  set  goes  out.  If,  then,  we  place  upon  the  iron  ring 
two  additional  sets  of   coils  at  right  angles  with  the  first  set,  as  in 

Fig.  28,  one  set  will 
be  in  the  position 
of  maximum  activ- 
ity when  the  other 
is  in  the  position  of 
least  action;  and 
Fig.  29  will  repre- 
sent the  resulting 
external  e.m.f.  and 
current,  which,  al- 
though continuous 
(i.e.,  never  becom- 
ing zero),  is  not 
quite  steady,  hav- 
ing four  slight  un- 
dulations per  revo- 
lution. By  increas- 
ing the  number  of 
coils  and  commutator  segments  to  a  hundred  or  more,  an  external 
current  can  be  obtained  in  which  no  undulations  can  be  detected 
except  by  the  telephone. 

On  examination  of  the  winding  represented  in  Fig.  28,  it  is 
apparent  that  the  four  coils  are  wound  in  series,  the  end  of  the  first 
being  connected  to  the  beginning  of  the  second,  and  so  on,  the  end 


Fig.  30.    Diagrammatic  Representation  of  Gramme 
Ring  Winding. 
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of  the  fourth  being  finally  connecte<l  to  the  beginning  of  the  first — 
the  whole  of  the  winding  c<Mistituting,  therefore,  a  single,  closed  coil. 
Also,  it  may  be  notetl  that  the  beginning  of  one  coil  and  the  end  of 
preceding  one  are  connected  to  the  same  ct^mmutator  l)ar.  In  the 
practice  the  commutator  is  usually  made  up  of  a  number  of  parallel 


Fig.  SI.    Typical  0-Pole  Belt-Diiven  Uenerator.  Showing  Armature,  Field-] 
Commutator,  and  Brushes. 


bars  of  copper  set  around  on,  and  separattxl  from  each  other  by, 
insulating  material;  and  the  armature  is  made  up  of  a  number  of 
sections  as  in  Fig.  30,  which  represents  a  Gramme  ring  winding. 
This,  and  other  windings,  will  Ix?  treate<l  more  fully  later. 

Organs  of  Continuous-Current  Dynamos.  Wc  have  seen  that 
the  dynamo  in  its  simplest  form  consists  of  two  main  portions — an 
armature,  which  in  revolving  in  a  magnetic  field  generates  an  e.  m.  f. 
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in  the  conductors  wound  upon  it;  and  a  field-magnet,  whose  function  it 
is  to  provide  a  flux  for  the  conductors  to  cut  as  they  revolve.  These 
two  parts  are  always  present  in  all  generators,  whether  for  continuous 
current  or  for  alternating  current;  and  they  are  easily  distinguished 
(Fig.  31).  In  almost  all  continuous-current  machines,  the  field- 
magnet  is  a  comparatively  simple  electromagnet  which  remains 
stationary;  the  armature,  however,  is  more  complex  and  usually 
rotates.  In  addition,  we  have  seen  that  continuous-current  machines 
require  a  commutator,  while  alternating-current  machines  are  pro- 
vided with  collecting  or  slip  rings.     In  either  case,  brushes  are 

required  to  con- 
nect the  revolv- 
ing commutator 
or  collector  rings 
to  the  external 
circuit. 

In  continu- 
ous-current ma- 
chines the  field- 
magnet,  being 
usually  station- 
ary, is  combined  with  the  bearings  and  bed-plate  to  form  the  frame 
of  the  machine.  Similarly,  the  armature  and  commutator  are  sup- 
ported by  a  spider  and  shaft,  which  rotate  in  the  bearings  attached 
to  the  frame.  The  complete  machine  comprises,  in  addition,  various 
other  mechanical  parts  taken  up  in  detail  later. 

Armatures.  Any  electrical  conductor — as,  for  example,  a  simple 
coil  of  wire — revolving  in  a  magnetic  field  so  as  to  cut  the  flux,  would 
act  as  an  armature  and  tend  to  have  an  e.  m.  f.  generated  in  it. 
In  order  to  obtain  a  practically  steady  direct  current,  together  with 
maximum  effect  for  a  given  amount  of  material,  and  to  secure  com- 
pactness, convenience  of  working,  and  other  practical  conditions, 
armatures  have  resolved  themselves  into  the  following  types,  although, 
theoretically,  any  figure  of  revolution  around  which  coils  are  placed 
symmetrically,  would  answer: 

(1)  Ring  armatures,  in  which  the  coils  are  grouped  upon  a  ring  core  of 
iron  whose  axis  of  symmetry  Lj  also  its  axis  of  rotation. 

(2)  Drum  armatures,  in  which  the  coils  are  wound  longitudinally  over 
the  surface  of  a  drum  or  cylindrical  iron  core. 


Fig.  82.    Armature  of  Gramme  Ring  Type. 
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(3)  Pole  armaiuTM,  in  which  the  conductors  are  wound  around  radial 
iron  cores  projecting  outward  from  a  central  hub. 

(4)  Disc  armatureit,  in  which  the  conductors  are  arranged  in  the  form 
of  a  flat  disc  the  plane  of  which  is  perpendicular  to  the  axis  of  rotation,  and 
usually  not  comprising  an  iron  core. 

The  ring  armature  was  first  employed  by  Pacinotti  in  1860,  and 
described  by  him  in  1865;  but  it  is  commonly  known  by  the  name 
of  Gramme,  the  French  electrician,  who  reintroduced  it  in  1870. 
Gramme  wound  the  coils  around  the  entire  surface  of  the  annular 
core,  which  he  made  of  varnished  iron  wire  in  order  to  reduce  the 
wasteful  effects  of  eddy-currents;  while  Pacinotti  had  the  coils  wound 


Fig.  33.    Ring  Armature  uf  Gramme  Dynamo. 

between  projecting  teeth  upon  an  iron  ring.  In  ring  armatures,  the 
parts  of  the  copper  winding  which  pass  through  the  interior  of  the 
ring  do  not  cut  any  flux,  and  so  are  inoperative  unless  there  are  pole- 
pieces  of  the  field-magnet  projecting  internally,  which  is  not  usually 
the  case  in  practice.*  Hence  the  ring  type  of  winding  offers  a  certain 
amount  of  wasteful  resistance,  which,  however,  can  be  made  small 
compared  with  the  resistance  of  the  external  circuit.  Fig.  32  repre- 
sents an  armature  of  the  Gramme  ring  type  as  generally  used, 
although  some  machines  are  so  designed  as  to  have  the  outside  of  the 
ring  act  as  a  commutator,  the  current  being  collected  directly  from 
the  winding  by  brushes  which  trail  on  the  periphery  of  the  ring,  the 
inner  parts  of  the  conductors  cutting  the  flux.  Fig.  33  shows  a 
completely  wound  Gramme  ring  armature. 


*  In  case  of  magnetic  leakage  throogh  the  opening  In  the  ring  core,  the  Internal 
parte  of  the  wlndlne  would  produce  an  e.  m.  f.  In  the  opposite  direction  to  that  generated 
bf  the  outer  sections,  thus  decreasing  the  eflecUre  roltage. 
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Fig.'S4.    Illustrating  Method  of  Drum  Winding. 


Drum  armatures  were  introduced  by  Siemens,  who  wound  cores 
of  iron  wire  upon  a  frame  of  non-magnetic  material.  In  their  com- 
plete form,  they  were  first  brought  out  in  1871  by  Von  Hefner 
Alteneck,  and  improved  later  by  Weston  and  others.  As  seen  from 
Fig.  34,  this  type  is  even  simpler  than  the  ring,  and  consists  in  placing 
the  elementary  loop  before  described  upon  a  supporting  cylinder  of 
magnetic  material,  so  as  to  reduce  the  magnetic  reluctance  of  the 
gap  between  the  two  faces  of  the  field-magnet  poles.    This  type  of 

armature  is  al- 
most exclusively 
used  for  continu- 
ous-current ma- 
chines of  to-day. 
In  Fig,  35  is  shown 
a  partly  -  wound 
drum  armature. 

Pole  armatures 
— those  having  the 
coils  wound  upon 
projecting  poles — were  devised  by  Allan,  Lontin,  Weston,  and  others. 
They  were  used  in  Lontin's  machines,  as  shown  diagrammatically 
in  Fig.  36.  Owing,  however,  to  the  great  self-induction  thus  intro- 
duced into  each  section  of  the  winding,  and  the  consequent  spark- 
ing at  the  commutator,  these  machines  were  not  successful.  Pole 
armatures  are  to  some  extent  used  in  alternating-current  generators. 
Disc  armatures,  illustrated  in  Fig.  37,  have  never  been  very 
widely  used.  The  interesting  feature  of  this  type  is  the  fact  that 
there  is  no  necessity  for  magnetic  conducting  material  between  the 
two  faces  of  the  field-magnet. 

Armature  Cores.  The  function  of  the  armature  core  is  two- 
fold :  it  supports  the  generating  conductors,  and  carries  the  flux  from 
one  face  of  the  field-magnet  to  the  other  face.  On  account  of  its 
high  permeability  and  its  great  strength,  iron  is  by  far  the  best 
material  for  armature  cores.  We  have  seen,  however,  that  when  a 
mass  of  iron  (or  other  conductor)  is  rotated  in  a  magnetic  field, 
wasteful  eddy  currents  are  set  up  in  the  mass.  In  order  to  reduce 
them  as  much  as  possible,  it  has  become  the  practice  to  build  up 
armature  cores  of  thin  soft  iron  or  mild  steel  discs,  insulated  from 
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each  other  by  varnish,  rust,  or  paper.    These  discs  are  arranged  to 
have  their  planes  parallel  to  the  direction  of  the  flux  and  perjx'ndicu- 


Flg.  85.    Partly- Wound  Drum  Armature. 

lar  to  the  flow  of  eddy-currents.     Solid  cores  of  metal  should  on  na 
account  be  used  in  any  armature. 

Field- Magnet    Excitation.    In   order  to   generate   an  e.  m.  f. 

in  the  armature 
conductors,  they 
must  cut  a  flux. 
Tliis  flux  is  sup- 
plied by  a  magnet, 
and  may  be  excited 
therein  by  five  sim- 
ple methods.  These 
methods  may  be 
grouped  under  two 
headings,  according  to  whether  the  armature  of  the  machine  fur- 
nishes the  magnetizing  current  or  m.  m.  f.  recjuired,  or  whether  it 
is  provided  from  some  other  source. 


Fig.  SA.    Armature  of  the  Pole  Type. 
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(1)  Magneto-Machine.  In  this  type  of  generator,  historically 
the  first,  the  flux  was  provided  by  a  permanent  magnet  as  shown 
diagrammatically  in  Fig.  38.  This  method  has  the  disadvantage  of 
requiring  a  much  bulkier  machine  in  comparison  with  the  methods 
to  be  described  later,  since  permanent  magnetism  cannot  be  main- 
tained at  the  high  flux-density  which  may  be  produced  by  an  exciting 
coil.  It  has,  however,  the  advantages  of  simplicity  and  constancy, 
but  is  used  only  in  the  smallest  of  generators  employed  for  example. 


Fig.  37.    Armature  of  Disc  Type  with  Two  Inductors  In  Series. 

to  furnish  current  for  ringing  bells,  for  ignition  in  internal-combus- 
tion engines,  etc. 

(2)  Se'parately-Excited  Generator.  The  next  step  was  to  excite 
the  field-magnets  by  means  of  a  coil  fed  from  some  source  of  elec- 
trical energy  other  than  the  generator  itself.  This  method,  outlined 
in  Fig.  39,  produces  the  same  results  as  the  magneto  method,  without 
the  disadvantage  of  great  bulk.  It  requires,  however,  a  separate 
machine  or  battery  for  excitation  purposes  solely,  and  the  method 
is  not  employed  in  continuous-current  practice,  except  where  many 
machines  are  in  operation,  or  where  their  terminal  voltage  exceeds 
800  volts.  It  is  largely  employed  in  exciting  the  fields  of  alternating- 
current  generators,  since  an  alternating  current  will  not  produce  a 
unidirectional  magnetic  field. 
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In  either  of  the  methods  just  mentioned,  the  e.  m.  f.  of  the 
machine  may  be  governed  in  three  ways — namely,  by  (a)  altering 
the  speed  of  rotation  of  the  armature;  (b)  hy  varying  the  number  of 
effective  conductors  by  moving  the  brushes;  and  (c)  by  changing  the 
magnetic  flux  through  the  armature.  The  latter  is  altered  in  the 
case  of  magneto-machines  by  shunting  the  flux  away  from  the  arma- 
ture  through  an  auxiliary  piece  of  iron.     In  the  case  of  separately 


Fig.  S8.   Diagrammatic  Represen 
tatlon  of  Magneto-Oenerator. 


Pig.  89.    Dlaerrammatto  Repre.s<*ntatlon 
of  Separately-Excited  Generator. 

excited  machines,  the  flux  is  varied  by 
regulating  the  exciting  current  or  the 
number  of  turns  of  the  solenoid. 
Generatorsof  the  continuous-current 
type  may  be  made  self-exciting  by  either  of  four  methods.  The 
whole  current  supplied  by  the  machine  to  the  external  circuit  may 
be  passed  through  the  solenoid,  or  a  part  of  the  total  current  may 
be  passed  through  the  field-winding;  or  two  field-windings  may  be 
employed,  one  traversed  by  the  load  current  and  the  other  by  the 
shunt  current;  or,  finally,  the  field-exciting  current  may  be  pro- 
duced by  an  e.  m.  f,  generated  by  a  separate  winding  on  the  arma- 
ture of  the  generator. 

(3)  Series  Dynamo.  The  series  continuous-current  generator 
outlined  in  Fig.  40  has  but  one  circuit.  It  has,  however,  the  disad- 
vantage of  not  starting  to  generate  until  a  certain  speed  has  been 
reached  or  unless  the  resistance  in  the  external  circuit  is  belowa  certaiD 
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limit.  It  also  is  liable  to  become  reversed  in  polarity,  thus  unfitting 
it  for  electrolytic  work.  Any  increase  in  its  external  resistance,  at 
a  given  speed,  diminishes  the  current  stream  that  excites  the  magnetic 
circuit,  thereby  lowering  the  e.  m.  f.  Conversely,  reduction  of  exter- 
nal resistance  [tends  to  increase  the  e.  m.  f.  of  the  machine  until 
the  IR  drop  and  the  armature  reaction  become  so  large  that  the 
available  voltage  falls  more  rapidly  than  the  field  stream  increases- 
The  only  series  generators  actually  employed  supply  arc  lamps  in 
aeries,  and   are   provided  with   automatic   regulators    to   maintain 

constant  current;  hence  the  exter- 
nal voltage  and  power  are  directly 
proportional  to  the  external  re- 
sistance. 

(4)  Shunt  Dynamo.  In  the 
shunt-wound  generator,  Fig.  41, 
only  a  small  part  of  the  current 
in  the  armature  passes  through 
the  field  winding.  The  field-excit- 
ing circuit  F,,,has,  therefore,  a  rela- 
tively high  resistance  compared 
with  that  of  the  external  circuit. 
This  machine  is  tolerably  self-reg- 
ulating within  certain  limits,  when 
properly  designed;  but  if  over- 
loaded, its  internal  actions  are 
such  as  to  reduce  its  generated  e.  m.  f.  to  zero.  Its  polarity  never 
reverses  of  itself;  and  although  it  is  a  trifle  more  expensive  to  buy 
than  the  corresponding  series  machine,  its  self-regulating  properties 
more  than  overbalance  this.  The  amount  of  energy  required  for 
excitation  in  either  series  or  shunt  field-windings  for  identical  ma- 
chines, is  precisely  the  same,  since  to  produce  a  given  flux  (as  shown 
in  the  discussion  of  the  magnetic  circuit)  demands  a  definite 
number  of  ampere-turns.  In  the  series  machine,  the  turns  of  wire 
are  few  in  number,  while  the  current  in  amperes  is  relatively  large. 
In  the  shunt  type,  the  reverse  is  the  case. 

(5)  Separate-Circuit,  Self-Exciting  Generator.  The  third  type 
of  self-exciting  machine  is  that  in  which  the  field  circuit  is  supplied 
by  only  part  of  the  armature,  or  by  separate  windings  on  the  armature. 


\^AIN  CIRCUIT _^ 


PHk.  40.    Diagrammatic  Representation 
of  Series  Continuous-Current  Generator. 


40 


DYNAMaELECTRIC  MACHINERY 


31 


as  represented  in  Fig.  42.  This  arrangement  b  adopted  for  A.  C. 
generators  and  for  I).  C.  machines  in  which  the  e.  m.  f.  generated  is 
over  800  volts,  since  it  is  undesirable  to  apply  such  voltage  to  field 
excitation.  In  effect,  however,  it  is  almost  the  same  as  the  separately 
excited  machine  (No.  2,  above). 

Generator  Regulation.  In  all  the  simple  methods  of  field  excita- 
tion just  described,  the  e.  m.  f.  generated  by  the  dynamo  varied 
more  or  less  with  load.  If  the 
load  were  constant  (i.e.,  if  the 
same  number  of  lamps  were  being 
supplied  all  the  time),  the  gen- 
erator could  be  designed  to  give 
a  predetermined  terminal  voltage. 
But  under  usual  working  condi- 
tions, the  load  connected  to  an 
electric  generator — such  as  lamps, 
motors,  or  other  devices — is  con- 
tinually changing,  so  that  it  is 
essential  to  provide  some  device 
whereby  its  e.  m.  f.  may  be  varied 
to  suit  the  varying  load.  The 
generated  e.  m.  f.  is  the  sum  of  the 
terminal  voltage  and  that  lost  in 
overcoming  internal  reactions,  the 

latter  quantity  varying  with  load.  As  stated  previously,  there 
are  three  methods  for  regulating  the  generated  e.  m.  f.  of  the 
dynamo — namely,  by  varying  the  speed  of  rotation  of  the  arma- 
ture, by  varj'ing  the  magnetic  flux,  and  by  changing  the  number  of 
effective  or  active  armature  conductors.*  Of  these  three  possible 
methods,  however,  the  only  one  utilized  is  that  of  var}'ing  the  mag- 
netic flux,  it  having  been  found  more  convenient  to  r^ulate  the 
prime  mover  for  constant  speed  than  for  speed  increasing  with  load, 
while  the  method  of  changing  the  effective  armature  conductors  by 
shifting  the  brushes  is  conducive  to  bad  sparking  at  the  commu- 
tator. As  has  been  noted,  the  most  advantageous  way  to  vary  the 
magnetic  flux  is  to  vary  the  current  in  the  energizing  coib. 


Tig.  41.     Diai^nraminatlc  Representation 
of  Shunt- Wound  Generator. 


•The  ezprenlon  "active  annattuv  condocton"  refer*  to  those  ooDdneton  which 
Are  acttully  eatUas  flax  and  generating  an  e.  m.  f .  at  any  instant. 
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Fig.  42. 


Since  the  current  in  the  field-exciting  coils  is  dependent  upon  the 
e.  m.  f.  impressed  at  their  terminals  and  u[)on  their  ohmic  resist- 
ance, we  can  increase  the  magnetic  flux  by  decreasing  the  resistance 
of  the  field-exciting  circuit  or  by  increasing  the  terminal  voltage  im- 
pressed there.  Also,  the  flux  may 
be  made  to  increase  with  load, 
by  passing  the  external  current  of 
the  generator  through  a  few  turns 
of  thick  wire,  called  series  turns 
or  compounding  turns,  placed  upon 
the  field-cores.  The  first  method 
is  usually  non-automatic,  and  is 
applicable  to  shunt  and  separate- 
ly excited  machines ;  the  second  is 
applicable  to  separately  excited 
machines;  and  the  third',  to  both 
types ;  and  a  generator  thus  equip- 
ped is  called  a  compound  generator. 
Methods  of  Compounding.  (1) 
Separate  and  Series  (Deprez). 
The  connections  are  shown  diagrammatically  in  Fig.  43,  a  separate 
source  of  e.  m.  f.  being  used  to  produce  the  initial  and  constant 
excitation,  while  the  external  current  of  the  machine  is  led  through 
a  series  winding,  thus  compensating  for  the  internal  drop  of  the 
generator  to  any  desired  degree,  even  increasing  the  terminal 
voltage  with  load  if  desired. 

(2)  Shunt  and  Series.  By  far  the  most  widely  used  of  all 
compounding  schemes,  however,  is  the  one  in  which  series  turns  are 
added  to  the  plain  shunt  winding,  as  illustrated  diagrammatically  in 
Fig.  44.  By  properly  proportioning  the  ampere-turns  in  the  shunt 
and  series  coils,  the  terminal  voltage-load  curve  may  be  made  to 
take  any  desired  form.  For  instance,  it  may  be  made  constant, 
increasing  or  decreasing  throughout  the  rated  load  range  of  the 
machine.  This  arrangement  will  be  considered  in  detail  later  on. 

(3)  Booster  Method.  This  consists  essentially  of  an  auxiliary 
generator  in  series  with  the  main  machine,  the  e.  m.  f.  of  the  former 
being  low ;  and  since  its  field  winding  is  in  series  with  the  external 
circuit,  it  will  automatically  regulate  the  voltage  of  the  combination 
in  accordance  with  the  load 


Diagrammatic  Kepresentatlon 
of  a  Separate-Circuit,  Self-Exciting 
Generator. 


42 


6 

o 

i6 

2  «• 
^  3 

en     a 

^1 

u    S 

I  ^ 
g.SJ 


DYNAMO-ELECTRIC  MACHINERY 


33 


(4)  Miscellaneous  Methods.  If  the  generator  armature  be 
wound  according  to  a  special  scheme  devised  by  Sayerg,*  the  field 
excitation  may  be  produced  by  a  simple  shunt  winding,  and  a  com- 
pounding effect  produced  by  giving  the  brushes  a  backward  lead. 
Other  methods  of  compounding  may  be  found  in  S.  P.  Thompson's 
"Dynamo-Electrio-Machinery. " 

Actions  in  the  Armature.  Thus  far  we  have  considered  the 
armature  and  the  field  of  the  generator  separately,  assuming  that  the 
former  did  not  affect  the  latter.  It  is  found,  however,  that  when  the 
armature  of  a  generator  or  motor  is  carrying  current,  its  action  is 
not  the  same  as  when  it  carries  no  current,  owing  to  the  distortion 
of  the  field  flux  by  the  magneti- 
zation of  the  armature.  In  order 


mi 


ss 


Fig.  43.    Separate  and  Series  Method 
of  Compoandlng. 


Pig.  44.    Sbnnt  and  Series  Method 
of  Comi>oandlng. 


to  study  the  effects  produced,  we  shall  consider  a  dynamo  of  the 
simple  bipolar  type  (Fig.  45)  with  a  ring  armature,  when  the  ma- 
chine is  operating  without  and  under  load. 

Suppose  the  armature  to  l)e  rotating  clockwise,  when  viewed 
from  the  commutator  end,  and  that  the  north  pole  of  the  field -magnet 
is  at  the  right  of  the  armature,  the  south  pole  being  on  the  left,  as 
in  Fig.  46.  The  flux  will  then  pass  from  right  to  left  through  the 
armature;  and  the  e.  m.  f.  generated  in  the  moving  conductors  of 
the  annature  is,  in  accordance  with  Maxwell's  law,  as  follows: 


•  See  B.  Arnold's  Gleichttrommatekitu  (Enter  Band,  Berlin.  lOOS),  i>aget  417, 440.  tt  m«. 
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In  all  the  conductors  which  are  ascending,  the  generated  e.  m.  f. 
is  directed  toward  the  observer;  while  in  all  the  descending  conduc- 
tors, the  generated  e.  m.  f.  is  directed  away  from  the  observer.  If 
the  circuit  through  the  armature  is  closed,  the  generated  e.  m.  f.  will 
produce  a  current  flowing  in  the  same  direction ;  and  in  Fig.  46  the 
current-flow  in  the  armature  is  toward  the  top  and  away  from  the 
bottom  on  both  sides.  This  result  is  obtained  when  the  armature 
is  wound  right-handedly,  being  the  opposite  if  the  winding  is  left- 
handed.  With  a  drum-wound  armature,  the  result  is  the  same;  but 
the  diagram  is  more  complex  on  account  of  the  end  connections. 

It  will  be  noted  that  the  path  of  the  current  is  from  brush  to 
brush,  through  each  of  the  armature  coils,  without  going  to  the 

commutator  ex- 
cept where  it 
passes  out  to  or 
returns  from  the 
external  circuit. 
We  have  seen, 
however,  in  the 
ideal     dynamo, 

Fig.  45.    Diagramiaatic  Representation  of  Simple  Ring  that    the    e.  m.  f. 

Armature.  ,    . 

generated  in  an 
armature  coil  is  proportional  to  the  time  rate  at  which  the 
flux  is  cut.  In  the  case  illustrated  in  Fig.  47,  no  two  armature 
coils  are  cutting  the  same  amount  of  flux  at  any  given  instant, 
so  that  the  voltage  generated  in  each  coil  depends  upon  its  position 
in  the  field.  Since  one-half  of  the  coils  are  connected  in  series 
between  the  brushes,  the  total  difference  of  potential  (p.  d.)  measured 
at  the  latter  will  at  any  instant  be  the  sum  of  the  instantaneous 
e.  m.  f.'s  generated  in  the  individual  coils. 

If  the  field  were  uniform,  it  is  plain  that  the  flux  cut  at  a  given 
instant  by  any  one  coil  would  be  proportional  to  the  sine  of  the  angle 
which  it  makes  with  the  direction  of  the  field  at  that  instant;  so  that 
if  we  plot  the  values  of  these  instantaneous  potentials  as  ordinates, 
and  the  corresponding  angles  as  abscissae,  we  obtain  Fig.  47. 

"^hus  it  is  seen  that  the  p.  d.  obtained  at  the  brushes  may  be 
compared  to  that  obtained  at  the  terminals  of  a  battery  connected 
as  shown  in  Fig.  48,  each  cell  representing  an  armature  coil  and  being 


44 


DYNAMO- ELECTRIC  MACHLNERY 


35 


supposed  to  supply  an  e.  m.  f.  equal  to  that  generated  by  the  coil  it 
replaces.  The  terminal  voltage  will  then  Iw  obtaine<l  by  adding  all 
these  potentials  Ix'tween  the  0°  and  the  1S0°  positions  in  Fig.  47, 
or  integrating  the  voltage  curxe  l)et\veen  these  limits,  the  negative 
part  being  exactly  e<jual  to  the  positive  half  if  the  dynamo  is  sym- 
metrical. The  sum  thus  obtained  grows  slowly  at  first,  then  rapidly, 
and  slowly  again  as  it  reaches  its  highest  value,  repeating  this  pro- 
gram in  the  other  half-circumference.  These  facts  are  shown  at 
reduced  scale  in  Fig.  49.  In  the  actual  dynamo,  this  integration  is 
effected  because  the  coils  are  connected  in  series;  and  it  is  possible 
to  demonstrate  this  experimentally. 

Exploration  of  Potentials  around  a  Commutator.  Several  more 
.or  less  simple  ways  of  showing  the  distribution  of  the  generated 
e.  m.  f.  around  the 
commutator  of  a 
dynamo,  have 
been  suggested,* 
but  only  one,Mor- 
dey's  method,  will 
be  taken  up  here. 
It  consists  in  con- 
necting one  termi- 
nal of  a  voltmeter, 
preferably  an  elec- 
trostatic one,  to  one  brush  of  the  machine,  and  the  other  terminal  to 
a  small  pilot  brush  b  (Fig.  50),  which  can  be  movetl  from  point  to 
point  around  the  commutator.  The  armature  of  the  generator  is  then 
rotated  at  its  rated  r.  p.  m.  (revolutions  per  minute);  and,  starting 
at  the  brush  iV,  h  is  placed  in  successive  positions  around  the  com- 
mutator, the  voltmeter  reading  in  each  position  being  noted,  together 
with  the  corresponding  angular  situation  of  b. 

These  results,  plotted  with  the  voltage  readings  as  ordinatesand 
the  corresponding  values  of  angular  situations  of  b  as  abscissa^,  are 
as  represented  in  Fig.  51,  when  the  armature  is  carrying  no  current. 
The  cun'e  so  obtaincfl  is  not  usually  a  tnie  sine  curve  in  commercial 
machines,  because  the  magnetic  field  in  which  the  armature  rotates 
is  not  uniform.     Also,  we  shall  see  later  that  when  the  armature 

•  See  S.  P.  TliomptoD'i  "Dynamo-Electric  Machinery."  VoL  I.  (S.  Y..  1004).p«g«IOA. 


Pig.  46.    End  View  of  Ring  Armature  In  Bipolar  Field. 
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carries  a  current,  its  presence  causes  a  further  distortion  in  the  dis- 
tribution of   the  flux.     Furthermore,    the  setting  of   the  brushes 

or  an  injudicious 
shaping  of  the 
pole-pieces  will 
cause  irregulari- 
ties to  be  present 
in  this  curve,  ex- 
amples of  which 
have  been  given 
by  Von  Gaisberg*, 
Kohlrausch**,  M. 
E.  Thomson***, 

Pig.  47.    Curve  of  Induced  E.  M.  P.  Ryan+,  and  Shep- 

hardsonff. 
Reactions  in  the  Armature.    This  leads  us  to  consider  the  reac- 


Plg.  48.    Battery  Analogy  of  Simple 
Dynamo. 


Pig.  49.    Integrated  Curve  of 
Potentials. 


tions  of  the  armature  when  the  generator  is  operating,  which  are 
manifested  in  many  ways,  the  most  important  being: 

(1)  A  tendency  to  cross-magnetize  the  armature. 

(2)  A  proneness  to  spark  at  the  brushes. 


•  ElektroUchnische  ZeitschHft,  vii  67,  Peb.  1886. 
♦♦  Oentralhlattfur  EUktrotechnik,  Ix  419.  1887. 
•*♦  "Electrical  World,"  xvil  392,  1891. 

t  Trans.  Amer.  Inst.  Elec.  Engrs.,  vll  3,  1890. 
tt  "American  Electrician,"  x  458, 1898. 
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(3)  Variation  of  the  neutral  point  of  the  armature  with  the  amount 
of  current. 

(4)  The  consequent  necessity  of  shifting  the  brushes. 

(5)  A  resultant  tendency  to  demagnetize  the  armature. 

(6)  Losses  due  to  eddy  currents  in  the  pole-pieces,  armature  core, 
and  coils. 

(7)  A  resulting  difference  between  the  input  and  output. 


j  WRtCnOtlOfi— ^ — ►    ROTATIOn  i 


Fig.  6a    Mordey'a  Method  of  Exploring 
Potentials  around  Ck>inmutator. 


0»  90»  wo*  270«  360» 

Pig.  51.    Undistorted  Field. 


As  these  reactions  have  much  effect  upon  the  operation  of  the 
commercial  machine,  they  will  be  considered  in  detail. 

Cross- Magnetizing  Effect  of  Armature  Current.  We  have  seen 
from  Fig.  48  and  the  accompanying  text,  that  the  armature  of  a  gen- 
erator may  be  likened  to  a 
combination  of  voltaic  cells ; 
but  the  armature  carrying 
current  manifests  a  mag- 
netic effect  absent  in  the 
latter. 


If  we  consider  the  sol- 


Pig.  53.    Poles  on  Half-Ring. 

enoid  of  page  4  to  be  bent 

around  so  as  to  form  a  semicircular  ring,  and  to  have  inserted  into 
it  an  iron  core  of  the  same  form,  one  end  of  this  core  would  act  as 
a  north  pole,  and  the  other  end  as  a  south  pole,  when  current  circu- 
lates in  the  winding  (Fig.  52).  By  taking  an  exactly  similar  semi- 
circular ring  and  placing  the  two  together  so  that  their  nortli  poles 
and  the  south  poles  are  respectively  comcident,  we  are  able  to  repro- 
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Fig.  53. 


Circulation  of  Current  around 
Ring  Armature. 


duce  the  magnetic  eflFect  of  current  flowing  in  the  armature.  That 
is,  when  the  generator  supplies  energy  to  the  external  circuit,  the 
armature  has  poles  produced  m  it  corresponding  to  the  brushes — 

namely,  where  the  current  enters 
and  leaves  the  winding.  This  mag- 
netization of  a  simple  Gramme  ring 
armature  (Fig.  53)  is  indicated  in 
Fig.  54,  the  general  direction  of  the 
flux  being  through  the  armature 
core  along  both  paths  from  a  and 
6  to  n  and  s,  where  it  emerges  into 
air,  forming  respectively  the  poles 
of  the  armature.  The  main  por- 
tion of  this  flux  returns  outside  the 
ring,  while  a  small  portion  passes 
across  the  interior.  This  latter 
portion  is  extremely  small  in  commercial  machines,  on  account 
of  the  presence  of  large  masses  of  iron  in  tiie  pole-pieces  which 
are  outside. 

The  cross-magnetization  of  the  armature  produces  a  distor- 
tion of  the  flux  in  it;  but  this 

would  have  small  effect  upon  the  -:vpr4+^  /V.-. 

e.  m.  f.  if  the  line  of  commuta- 
tion did  not  also  change  with  the 
armature  current.  This  change 
necessitates  the  moving  of  the 
brushes;  and  then  the  armature 
not  only  produces  a  cross- 
magnetizing  effect,  but  also  has 
a  demagnetizing  tendency.  It 
is  this  latter  which  diminishes 
the  generated  e.  m.  f. 

In  order  to  study  the  result, 
let  us  suppose  the  simple  bipolar 

dynamo  of  Fig.  45  to  be  arranged  so  that  current  may  be  passed 
through  its  field  windings,  its  armature  when  rotating,  or  through 
both.  When  the  field  alone  is  excited,  the  flux  distribution  will  be 
substantially  as  indicated  in  Fig.  55 — that  is,  quite  uniform  in  the 


Fig.  64. 


Magnetization  Due  to  Armature 
Current. 
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pole-pieces,  air-gaps,  and  armature.     If,  now,  the  field-exciting  circuit 
be  opened,  and  if  a  current  be  supplied  to  the  rotating  armature 
equal  to  its  rated  load  current,  the  flux  distribution  shown  in  Fig. 
56  will  exist.     By  combining  these 
two  conditions  of  the  flux,  there  is 
produced    the   distortion  shown  m     1'.'.' .' ' \ V."  V^I)^>rrrr-<; 
Fig.  57,  which  is  the  resultant  flux 
distribution  in  the  generating  por-         ;;  § 
tion  of  the  machine.    The  magnet- 
ism is  distorted  in  the  direction  of 
rotation,  as  if  the  armature  tended 
to  draw  after  it    the  flux  issuing 
from   the   field-poles.    But  this  is 
not  the  physical  fact,  because  we 
find  that  in  electric  motors  the  flux 
is  distorted  in  a  direction  opposite 
to  that  of  the  rotation  of  the  arm- 
ature.   In  fact,  the  flux-distribution 
the  same  whether  the  armature 


Fig.  56.    Flax  Dae  to  Field  Alone. 
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turns  one  way  or  the  other,  or  not 
at  all.  On  account  of  this  flux  dis- 
tortion,   brushes    must   be  set,    not     Fig.6&    Flux  Due  to  Armatore  Alone. 

midway  between  the  field-poles,  but, 
in  the  case  of  generators,  somewhat 
ahead    of    this    line   of  s}Tnmetry. 
Consefjuently  the  armature  m.  m.f.      --•-;:: 
will  be  oblique  to  that  due  to  the     '.'.'.'■■■■% 

field-magnet,  and  a  further  distor-     

tion  will  result. 

These  relations  are  shown  vec- 
torially  in  Fig.  58,  the  line  OF 
representing  in  direction  and  mag- 
nitude the  flux  due  to  the  field- 
magnet,  and  the  line  OA'  the  direction  and  magnitude  of  the  flux 
set  up  by  the  armature  current  witfi  the  brushes  in  the  line  of  sjin- 
metry  or  vertical  position.  In  this  c&se,  OR'  represents  the  resultant 
flux  in  value  and  direction,  and  the  brushes  should  be  shiftetl  to  the 
line  OA",  perpendicular  to  OR'.    The  armature  component  of  the 


/T\  /Tv  /T\  /T\  /T\ 


/T\  /T\  /T\  /T\  /Tt 
^P  ^p  ^p  ^P  ^p 


Fig.  57.    Flux  Due  to  Field  and 
Armature. 
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flux  also  shifts  to  this  direction,  but  with  unchanged  magnitude 
because  the  ampere-turns  and  other  relations  of  the  magnetic  circuit 
are  not  varied.    This  will  produce  a  new  resultant  OR",  and  the 

brushes  should  be 
shifted  until  the 
line  of  commuta- 
tion OA  is  approx- 
imately perpen- 
dicular to  OR,  the 
final  flux  vector. 
These  conditions 
are  also  repre- 
sented in  Fig.  59, 
OF  being  the  field-magnet  flux,  OA  the  armature  flux  with  the 
brushes  shifted,  and  OR  the  resultant  with  the  main  line  of  the 
flux  (PQ)  as  an  extension  of  it. 

In  the  case  of  drum-wound  armatures,  the  phenomenon  is  similar 
but  not  so  easily  traced.  In  consequence  of  the  overlapping  of  the 
ehd-connections,  the  magnet- 
izing effects  of  some  of  the 
coils  are  neutralized,  and  as  a 
result  the  production  of  poles 
is   not   so   marked.    Neither 


Fig.  58.    Magnetic  Reactions  In  Armature. 
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Fig.  59.  Back  and  Cross  Ampere-Turns. 


V  90'  ISO"  270O  360" 

Fig.  60.    Curve  of  Armature  Distortion. 


can  there  be  any  internal  field.  As  a  matter  of  fact,  drum-wound 
armatures  are  not  troubled  to  the  same  extent  with  induction 
effects  as  are  ring-wound  ones.  With  these  exceptions,  however,  the 
facts  here  considered  apply  equally  to  drum-wound  and  ring-wound 
armatures. 
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The  distortion  of  the  flux  through  the  armature  also  produces 
a  distortion  in  the  wave  of  induction,  as  may  be  shown  by  exploring 
the  potential  differences  around  a  commutator  by  Mordey's  method, 
when  the  machine  is  carrying  its  rated  load.  Such  a  curve  is  shown 
in  Fig.  60. 

Sparking  at  the  Commutator.  On  page  20  we  have  seen  that 
the  rotation  of  the  armature  in  the  field  of  the  machine  generates 
alternating  currents  in  the  conductors.  A  consideration  of  Fig.  57 
shows  that  all  the  current  flows  toward  the  spectator  in  the  con- 
ductors which  are  rising,  and  away  from  the  observer  in  all  the 
descending  conductors,  the  brushes  in  this  case  being  supposed 
present  at  N'  and  S'.  Thus,  when  a  coil  passes  under  one  of  the 
brushes,  the  direction  of  the  current  in  that  coil  is  reversed.  Owing 
to  the  fact  that  even  a  single  armature  coil  possesses  some  self- 
induction,  the  current  cannot  change  instantaneously;  that  is,  a 
certain  definite  interval  of  time  is  required,  dependent  upon  the  self- 
inductive  property  of  the  armature  coil,  as  well  as  upon  its  resistance. 
During  this  interval,  and  until  the  whole  current  can  take  the  new 
path  through  the  coil,  a 
portion  of  the  current  con- 
tinues to  flow  from  the  re- 
ceding commutator  bar, 
through  the  air,  to  the 
brush ,  in  the  form  of  a  spark. 
It  is  the  interruption  of 
this  latter  current,  as  the 
commutator  bar  leaves  the 
brush,  that  produces  the 
spark. 

Commutation.  In  order  to  understand  exactly  what  happens 
when  a  current  is  commutated,  let  us  consider  what  takes  place  in 
one  section  of  an  armature  winding,  and  at  the  two  commutator  bars 
attached  to  the  latter,  when  the  bars  pass  under  a  brush. 

Fig.  61  shows  a  portion  of  a  ring-wound  armature  with  its  coils 
A,  B,  C,  D,  and  E  connected  to  segments  1,  2,  3,  4,  and  5  of  the 
commutator,  and  a  positive  brush  just  beyond  the  leading  tip  of  one 
of  the  pole-pieces.  The  line  nn'  represents  a  line  drawn  in  spiace  so 
as  to  cut  the  commutator  at  a  point  where  the  voltage  between  the 


Fig.  61.    Illustrating  Requirements  for  Noa* 
Sparking  Condition  of  Commutation. 
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brush  and  the  bars  thus  passed  through  is  zero.  The  brush  is 
assumed  placed  in  this  Une. 

Now,  before  any  given  section  of  the  winding  reaches  the  brush 
shown  in  the  figure,  a  current  will  be  flowing  in  it  in  the  direction  of 
the  positive  brush;  and  after  the  section  has  passed  the  brush,  the 
current,  although  reversed  in  direction,  is  still  flowing  towards  the 
brush. 

The  figure  shows  the  instant  at  which  coil  C  is  short-circuited 
by  the  brush  through  the  commutator  bars  3  and  4;  and  it  is  during 
the  brief  interval  of  this  short  circuit  that  the  current  in  coil  C  must 
be  reduced  to  zero,  reversed,  and  then  built  up  again  in  order  that 
there  shall  be  no  tendency  for  a  spark  to  form  between  the  brush  and 
the  bar  3  at  the  instant  they  part. 

As  to  the  establishment  of  a  reversed  current  in  section  C  while 
it  is  short-circuited  by  the  brush,  it  must  be  remembered  that  this 
coil  is  at  this  instant  supposed  to  be  occupying  a  position  such  that 
there  is  no  e.  m.  f.  being  generated  in  it;  that  is,  it  is  in  a  neutral 
position.  In  coils  to  the  immediate  left  and  right  of  coil  C,  however, 
e.  m.  f.'s  are  being  generated  in  such  a  direction  as  to  cause  the 
resulting  current  to  flow  towards  the  brush.  If,  therefore,  we  move 
the  brush  forward — ^that  is,  in  the  direction  of  rotation — from  its 
present  position  in  the  neutral  line,  the  section  short-circuited  by 
that  brush  vwU  be  placed  in  a  region  where  a  p.  d.  will  be  generated 
between  its  terminals  in  such  a  direction  as  to  assist  the  reversed 
current  above  mentioned.  Also,  the  greater  the  forward  lead — that 
is,  the  further  away  from  the  neutral  line  in  the  direction  of  rotation 
the  brush  is  moved — the  greater  will  be  the  p.  d.  so  generated;  so 
that  by  trial,  a  position  of  the  brush  may  be  found  where  the  con- 
dition of  sparkless  collection  is  fulfilled. 

The  use  of  high-resistance  carbon  brushes  tends  to  cause  a  de- 
crease to  zero  of  the  current  existing  in  the  sections  before  thay  reach 
the  brush,  since  the  latter  forms  part  of  the  short  circuit.  Their 
use  also  aids  the  establishment  of  the  reversed  current  in  the  short- 
circuited  section,  before  the  brush  and  segment  part  company.  This 
is  due  mainly  to  the  contact  resistance  between  the  brush  and  the 
commutator,  as  follows: 

The  current  flowing  across  the  contact  area  of  the  brush  and 
leading  segment  under  it  (in  the  figure,  segment  3),  produces  a  drop 
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of  potential  there,  which  i.s  small  on  account  of  the  large  area  of  con- 
tact, at  the  instant  depicted.  A  moment  later  the  brush  is  making 
better  contact  with  segment  4,  and  poorer  contact  with  segment  3, 
so  that  the  voltage  drop  across  the  contact  area  of  the  brush  and  3 
has  risen  above  that  of  the  brush  and  4.  Hence  a  current  will  tend 
to  flow  from  segment  3  to  segment  4,  as  a  reverse  current  through  C, 
being  produced  by  the  difference  of  potential  l)etween  them.  This 
state  is  comparable  to  that  of  the  ordinary  potentiometer,  where 
a  "drop"  acts  as  an  e.  m.  f.  in  producing  a  current  flow.  The 
voltage  resulting  from  this  potential  difference  across  the  two  con- 
tact areas  mentioned,  assists  that  tending  to  produce  reversal. 

Thus,  as  the  commutator  moves  under  the  brush  (assuming  the 
latter  to  have  a  fon\'ard  lead),  the  e.  m.  f.  for  reversal,  the  p.  d. 
due  to  the  varAing  contact  area  of  the  brush,  and  the  resistance  of 
the  short-circuited 


♦  c 


-c 


Fig.  <B.    Carre  of  Commutation— Ideal  Caae^ 


coil,  combine  to 
reduce  the  current 
in  the  latter  to 
zero,  while  the  self- 
induction  of  the 
coil  tends  to  pre- 
vent any  change 
of  the  current  in 
it.*  This  zero 
condition  should 
occur    when    the 

areas  of  contact  between  the  brush  and  the  two  (in  this  case)  bars 
passing  under  it  are  equal.  Then,  when  the  segments  leave  this 
position,  the  p.  d.  between  them  will  increase,  thus  assisting  the 
direct  e.  m.  f.  (produced  in  the  coil  by  the  flux  from  the  hindward 
pole-horn)  in  establishing  a  current  in  the  coil  in  the  reverse  direction. 
Opposing  this  are  the  resistance  and\self-induction  of  the  coil.  With 
proper  conditions,  the  various  reactions  mentioned  may  be  so  pro- 
portioned as  to  produce  in  the  coil  from  which  the  short  circuit  is 
about  to  be  removed,  a  current  equal  in  amplitude  and  direction  to 
that  flo^anng  towards  it  from  the  preceding  coil.     In  the  figure,  coil 


•  S«e  S.  P.  Tbompson'a  "Elementary  Lessons  In  Electricity  and  Magnetism."  N.  Y., 
l90i,pp.*M*tMg. 
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(a)  Instant  before  Commencement 
of  Commutation  in  Section  AB. 


(6)  End  of  First  Quarter  of  Period 
of  Commutation  in  Section  AB. 


(c)  End  of  Second  Quarter  of  Period 
of  Commutation  in  Section  AB. 


(d)  End  of  Third  Quarter  of  Period 
of  Commutation  in  Section  A  B. 


,-        (c)  Commutation  in  the  Section  AB 
//     Completed. 


Fig.  63.  Process  of  Commutation. 
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C  would  be  the  one  to  have  the  short  circuit  removed;  and  J5,  the 
preceding  coil.  Then  segment  3  will  pass  out  of  contact  with  the 
brush  w^ithout  a  spark  attempting  to  follow. 

Resistance  during  Reversal.  I>et  us  assume  that  during  com- 
mutation the  brush  contact  resistance  is  inversely  proportional  to  the 
area  of  contact.  Then,  in  the  ideal  case,  where  the  coils  of  the 
armature  are  devoid  of  resistance  and  inductance,  the  cur\'e  of  com- 
mutation will  be  as  shown  in  Fig.  62,  C  representing  the  value  of  the 
current  to  be  commutated,  0  the  instant  when  commutation  com- 
mences, and  T  the  period  requisite  for  this  action.  Here  the  current 
gradually  diminishes  to  zero  at  the  middle  of  the  commutation  period, 
and  reaches  its  negative  maximum  value  at  the  end  of  the  time  T. 
Thiaprocess  is  shown  in  detail  in  Fig.  63,  the  brush  being  wide  enough 
to  span  one  commutator  bar. 

In  this  case  20  amperes  flow  from  either  side  of  the  armature  to 
the  brush,  the  latter  leading  away  40  amperes.  If  we  suppose 
the  brush  area  to  be  one  square  inch,  then,  when  the  commutator 
is  in  the  position  indicated  by  Fig.  63  (6),  the  area  of  contact  of  the 
segment  A  is  reduced  to  \  square  inch,  while  that  of  the  segment  B 
has  become  \  square  inch,  so  that  10  amperes  will  flow  into  the 
brush  from  B  and  30  amperes  from  A,  the  additional  10  amperes 
throu^  the  latter  coming  from  the  short-circuited  coil.  When  the 
conmiutator  has  moved  forward  so  that  the  area  of  contact  of  each 
brush  is  the  same — that  is,  i  of  a  square  inch — A  and  B  will  each 
pass  20  amperes  to  the  brush  from  either  side  of  the  armature,  the 
coil  undergoing  commutation  carrying  no  current  at  this  instant 
(see  Fig.  63,  c).  At  the  end  of  the  third  quarter  of  the  conmiutation 
period,  the  commutator  has  reached  the  position  shown  in  Fig.  63 
(rf),  the  area  of  contact  of  segment  A  with  the  brush  being  J  of  a 
square  inch,  while  that  of  B  is  J  of  a  square  inch.  Hence  A  will  con- 
tribute 10  amperes  and  B  30  amperes  to  the  brush,  the  coil  under- 
going commutation  now  carrying  a  current  in  the  direction  reverse 
to  that  indicated  in  Fig.  63  (6),  and  in  the  same  direction  as  the  current 
in  the  coils  on  the  right.  At  the  end  of  the  commutation  period,  the 
current  in  coil  A-B  has  increased  to  the  full  value  of  that  flowing  in 
its  right-hand  neighbor;  and  when  the  brush  and  segment  A  part  com- 
pany no  spark  will  result. 

Fig.  62  shows  the  variation  of  the  current  during  this  period. 
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if  we  neglect  the  resistance  and  inductance  of  the  armature  coils.     It 
therefore  remains  to  consider  the  effect  of  these  reactions. 

Commutation  Curves.  If  the  resistance  of  the  armature  coils  be 
not  negligible  in  comparison  with  the  contact  resistances,  then  the 
current  collected  will  not  be  rigidly  proportional  to  the  areas  of  con- 
tact. For,  suppose  that  in  Fig.  63  (6)  the  contact  resistance  over 
A  is  0.04  ohm,  and  that  that  over  B  is  0.12  ohm;  then,  if  the  resistance 

of  one  coil  of  the  arma- 
ture be  taken  at  the  ex- 
aggerated value  of  0.01 
ohm,  29.6  amperes  will 
go  through  A,  and  10.4 
amperes  will  pass  through 
B.  In  other  words,  the 
presence  of  resistance  in 
the  coils  of  the  armature 
reduces  the  ratio  of  cur- 
rents during  the  first 
half  of  the  commutation 
period,  and  increases  this 
ratio  during  the  second 
half.  This  is  shown 
graphically  by  the  curved 
line  in  Fig.  64,  the 
straight  line  indicating 
the  ideal  case. 

The  effect  of  self-induction,  although  not  easily  shown  quantita- 
tively, would  modify  the  ideal  current  curve  as  indicated  by  PDQ 
in  Fig.  65,  PDU  showing  the  result  obtained  with  increased  self- 
induction.  Self-induction  tends  to  retard  any  change  in  the  current, 
so  that  the  same  is  not  completely  reversed  at  the  end  of  the  com- 
mutation period.  At  the  last  instant,  then,  as  the  surface  of  contact 
between  the  segment  A  and  the  brush  diminishes  to  zero,  the  contact 
resistance  rises  with  extreme  rapidity.  The  product  of  this  resist- 
ance and  the  still  uncommutated  part  of  the  current,  will  constitute 
a  p.  (1.  between  the  retreating  segment  A  and  the  tip  of  the  brush. 
This  p.  d.,  represented  graphically  by  QU  in  Fig.  65,  tends  to  set  up 
a  spark,  and  may  be  briefly  called  the  sparking  or  maintaining  e.  m.  f. 


Pig.  es.    Curve  of  Commutation,  with  SelMaduction. 
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The  resulting  commutation  curve  for  any  machine  is  made  up 
of  these  two  efTects,  tlie  quantity  of  each  depending  upon  the  design, 
and  of  some  details  at  present  obscure.  Messrs.  Kverett  and  Peake* 
found  experimentally  that  the  cur\'e  had  the  form  showii  in  Fig.  00. 
Curve  A  indicates  the  initial  rise  which  may  obtain  at  light  loads, 
with  an  oval  resultant  at  the  negative  end.  B  illustrates  under- 
commutation  with  insufficient  lead.  C  shows,  with  increased 
load,  a  rapid  reversal  at  the  beginning  of  the  commutation 
period,  but  undcr-commutation  toward  the  end.  D  represents  a 
gradual   fall  of   the  current,  which  slackens  toward  the  end. 

Effect  of  Increasing  Breadth  of 
Brush.  Increasing  the  breadth  of 
the  brush  not  only  lengthens  the 
period  of  commutation,  but  also 
permits  commutation  to  start  in 
one  coil  before  the  preceding  coil 
has  entirely  passed  through  this 
stage. 

In  Fig.  67,  let  us  assume  the 
brush  to  have  an  area  of  3  square 
inches,  and  that  it  can  completely 
cover  two  segments  at  one  time, 
the  current  collected  by  the  brush 
being  120  amperes.  Then  Fig. 
67  (a)  shows  the  state  of  affairs  when  the  segments  A  and  Z  are 
under  the  brush.  An  instant  later,  the  commutator,  in  moving 
clockwise,  starts  to  uncover  segment  Z  and  to  cover  segment  B,  so 
that  at  the  end  of  the  first  quarter  of  the  period  of  commutation,  the 
result  will  be  as  indicated  in  Fig.  67  (6),  for  the  ideal  case.  Simi- 
larly, in  Fig.  67,  c,  d,  and  e  represent  respectively  the  conditions  at 
the  end  of  the  second,  thinl,  and  fourth  quarters  of  the  commutiition 
period,  the  direction  of  current  and  its  magnitude  in  each  coil  beiig 
indicated  by  arrows  and  figures.  We  see  from  these  that  the  con- 
ditions of  Fig.  63  (l>age  44)  obtain  throughout,  the  current  in  the 
short-circuited  coils  being  zero  at  the  middle  of  the  perio<l  of  com- 
mutation; so  that  we  may  conclude  that  the  act  of  commutation  is 
not  altered  by  increasing  the  width  of  the  brush. 

•S«e  Sltcirician,  London.  VoL  40.  p.  Ml :  Vol  4S.  p.  SM. 


Fig.  M.    Curve  of  Commutation  Ob- 
served by  Everett  and  I'eake. 
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(o)  Instant  before  Commencement 
Commutation  in  Section  AB 


(6)  End  of  First  Quarter  of  Period 
of  Commutation  in  Section  AB. 


(c)  End  of  Second  Quarter  of  Period 
of  Commutation  in  Section  AB. 


(d)  End  of  Third  Quarter  of  Period 
of  Commutation  in  Section  A  B. 


(e)    Commutation   in   Section   AB 
Completed. 


Fig.  87.  Process  of  CJommutatlon.— Brush  Covering  Two  Segments 
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Summary  of  Results.  The  considerations  above  indicated  as 
to  means  for  controlling  the  sparking  at  the  commutators  of  continu- 
ous-current machines,  may  be  summed  up  as  follows: 

(1)  Keep  the  inductance  of  the  armature  coils  low,  by  decreasing  the 
number    of    turns 

per  commutator 
segment,  by  satu- 
rating the  teeth, 
and  by  properly 
shaping  the  pole- 
pieoes  to  produce 
a   reversal   fringe. 

(2)  Keep  the 
volts  per  segment 
of  the  commutator 
low  by  having  a 
large  number  of 
commutator  seg- 
ments. 

(3)  Control 
distortion  of  the 
main  flux  in  order 
to  have  the  field 
imder  the  hind- 
ward  p  o  1  e-h  o  r  n 
sufficiently  strong. 

(4)  Properly 
dimension  and  de- 
sign the  commutator-bnishes,*  brush-holders,  and  other  brush-gear,  so  as  to 
permit  the  shifting  of  the  brushes  to  the  proper  |X)8ition,  and  to  enable  the 
bnishes  to  make  contact  with  the  commutator  at  all  times. 

(5)  Keep  the  surface  of  the  commutator  smooth. 

(6)  Add  special  features  to  the  machine. 

To  see  clearly  the  appHcation  of  most  of  these  special  features, 
it  is  desirable  that  we  first  consider  another  property  of  an  armature 
carrying  current — namely,  its  demagnetizing  effect. 

Demagnetizing  Effect  of  Armature.  To  eliminate  sparking  at 
the  conmiutator,  we  have  seen  that  it  is  necessary  to  shift  the  brushes 
ahead  of  the  neutral  line  in  generators,  and  back  in  case  of  motors. 
The  resultant  effect  is  to  produce  in  the  armature  a  magnetomotive 
force  (m.  m.  f.)  opposed  to  that  of  the  field-winding.  Considering 
Fig.  69,  wherein  the  brushes  are  supposed  to  be  shifted  to  the  line  nn\ 
the  remainder  of  the  figure  being  as  before,  it  is  seen  that  the  currents 


Amperes  per  Square Jrscb  of  Brush  Contact 


Fig.  88.    Voltage-Drop  Curves  of  Various  Orades  of  Carbon  and 
Orapblt«  Brushes  at  Different  Current-Densities- 


•With  rwpeot  to  material  and  thlckna—,  tee  Fig.  M. 
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are  flowing  toward  the  observer  in  the  armature  conductors  to  the  left 
of  the  neutral  line  ?m',  and  from  the  observer  in  those  to  the  right  of 
that  line.  Now,  suppose  the  two  vertical  lines  ad  and  be  to  be  drawn 
across  the  section  of  the  armature  and  through  the  points  of  commuta- 
tion. The  arma- 
ture conductors 
are  thus  divided 
into  two  bands, 
those  to  the  right 
of  the  line  ad  and 
to  the  left  of  the 
line  be  tending  to 
cross-magnetize 
the  armature, 
while  those  in- 
cluded between 
these  lines  produce 
a  m.  m.  f.  opposed 

Fie.  89.    Demaenetlzlng  Action  of  Armature  Current  .     .1     .     p  ^i 

of  Generator.  to  that  01  the  mam 

field,  since  the 
current  in  these  turns  passes  around  the  flux  in  a  direction  opposed 
to  that  of  the  field-exciting  current.  The  breadth  of  the  belt  of 
demagnetizing  windings  is  evidently  proportional  to  the  angle  of  lead, 
since  it  subtends  double  that  angle.  In  such  an  armature  generating 
50  amperes,  each  conductor  would  carry  25  amperes,  since  there  are 
two  paths  in  parallel ;  and  as  the  number  of  cross-magnetizing  turns  is 
12,  and  the  number  of  demagnetizing  turns  is  4,  the  "cross-ampere- 
tums"  would  be  25  X  12  =  300;  and  the  number  of  "back  ampere- 
turns"  would  be  25  X  4  =  100. 

This  demagnetizing  influence,  which  is  proportional  to  the  angle 
of  lead  of  the  brushes,  tends  to  weaken  the  field  in  general,  while  the 
cross-magnetization,  proportional  to  the  ampere-turns  not  included 
in  the  demagnetizing  effect,  tends  to  weaken  the  flux  under  the  hind- 
ward  pole-horn,  and  strengthen  that  under  the  forward  pole-tip. 
Hence  the  impressed  m.  m.  f.  (that  of  the  field-magnets)  must  be 
strong  enough  to  force  through  the  air-gap  in  the  magnetic  circuie 
sufficient  flux  to  permit  of  sparkless  commutation  in  spite  of  the 
demagnetizing  effects.    Since  the  cross-magnetization  is  responsible 
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for  the  distortion  which  produces  sparking,  it  remains  to  consider 
the  remwiies. 

Cross-Reluctance  Remedies.    Fig.  70  shows  tliat  incrtasetl  air- 
gap  in  the  magnetic  circuit  IIAGDII  will  diminish  the  cross-flux. 

This  method  is  somewhat  ob- 
jectionable, however,  because, 
in  order  to  produce  the  same 


Fig.  70.    Armature  Interference. 


Fig.  71.    Prevention  of  Crons-Relnctance 
by  V-Groove  In  Back  of  Polar  Mass. 


flux  through  the  field-circuit,  a 
greater  m.  m.  f.,  and  hence  a 
larger  number  of  field-exciting 
turns,  are  required.    This  dis- 


advantage may  be  overcome  in  .some  types  of  generators  by  forming 
a  V-groove  in  the  polar  mass  behind  the  face,  as  shown  in  Fig.  71. 


Fig.  78. 


Fig.  78. 


Befhedles  for  CroM-Reluctance.— Pole-PlrcM  Made  wltb  Longitudinal  Gaps 
or  Oblique  Slots. 

Another  plan  is  to  thin  down  or  actually  separate  the  two  halves 
of  the  circuit,  and  thus  throttle  the  cross-flux.  S.  P.  Thompson  has 
suggested  constructing  the  field-cores  of  pieces  of  iron  with  longi- 
tudinal gaps.as  indicatc<l  inFig.  72,or  slotting  the  pole-piece  obliquely 
as  in  Fig.  73,  the  neck  of  the  casting  here  becoming  highly  saturated 
and  offering  large  reluctance  to  the  cross-field. 
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Another  arrangement  consists  in  making  the  forward  horn  of 
cast   iron,  and   the  rearward  horn  of  cast  steel,   the  joint  being 
oblique,  as  indicated  in  Fig.  74. 

Cross-Compounding     Remedies.      Some 
designers  provide   a  m.  m.  f.  equal  but  op- 
posed to  the  cross-magnetic  m.  m.  f.  Elihu 
Thomson  placed  a  series  ("compounding") 
coil  on  a  separate  frame  surrounding  the  arm- 
ature, and  tilted  it  in  a  direction  counter  to 
the  rotation  so  as  partially  to  counteract  the 
cross-flux.    Swinburne  suggested  that  a  small 
auxiliary  coil  in  series  with  the  armature  be 
wound  around  the  pole-tip  in  order  to  main- 
tain a  field  for  reversal  at  this  point  (Fig.  75,o). 
Menges,  Mather,  Swinburne,  and  others 
have  advocated  the  use  of  auxiliary  poles  at 
right  angles  to  the  main  poles,  excited  by 
fro'r^'  HinTwardSt  sS  coils  in  scries  with  the  armature.    This  fea- 
mize^agneac^DiStortion^t  ture  is  now  embodied  in  the  Inter-pole  motor. 
S.  P.  Thompson   proposed  the  use  of  com- 
pound winding  having  series  and  shunt  coils  at  different  angles,  so 
that,  as  the  armature  reaction  tended  to  shift  the  main  flux  forward. 


Fig.  74.     Composite  Pole- 


Fig.  75.    Devices  for  Sparkless  Collection  of  Current— (a)  Swinburne;  (6)  Hutln 

and  Leblanc. 

the  increased  current  in  the  series  coils  would  produce  a  m.  m.  f. 
tending  to  drive  it  back.  Menges  suggested  winding  series  turns 
upon  the  polar  parts  of  machines  with  double  magnetic  circuits.  He 
was  the  first  to  suggest  (1884)  a  cross-compound  winding  having  the 
auxiliary  poles  set  to  produce  a  flux  at  right  angles  to  the  main  flux. 
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Fisher-Hinnen,   Professor  Forbes,   Mordey,  and  S.  P.  Thompson 
wind  these  coils  in  a  notch  at  the  center  of  the  pole-face.    Elihu 

Thomson  also  suggested  the  use 


of  unwound  auxiliary  |x)les  at 
right  angles  to  the  main  poles, 
thereby  leading  off  the  cross-flux 
to  strengthen  the  main  flux. 


Fig.  78.    Savers'  Device  for  Sparkless 
ColwctlOQ  of  Current. 


Fig.  77.    Byan's  Compensating  Devices. 


The  most  complete  solution  was  proposed  independently  by 
Professor  Ryan  and  Fisher-Hinnen,  who  insert  a  number  of  coik 


Fig.  78.    Various  Forms  of  Pole-Tips. 


in  slots  cut  in  the  face  of  the  pole  parallel  to  the  shaft,  the  coils 
being  connected  in  series  with  the  external  circuit,  and  constituting 
a  stationary  winding  which  produces  a  m.  m.  f.  equal  but  opposed  to 
that  due  to  the  armature,  Fig.  77.    This  device  is  not  extensively 
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employed,  however,  on  account  of  the  increased  heating  as  well  as 
complication  and  cost. 

Hutin  and  Leblanc  proposed  the  placing  of  rods  of  copper  in  the 
pole-face,  which  rods  are  short-circuited  upon  themselves.    This 

arrangement  is  intended  to  pre- 


wMm 


pW/M 


Pig.  79.    Unsymmetrlcal  Pole-Pieces  De- 
signed to  Concentrate  Field. 


vent  oscillations  in  the  direction 
of  the  magnetic  flux  at  commuta- 
tion. It  is  mudi  used  in  alter- 
nating-current machines,  to  fa- 
cilitate parallel  operation  (see 
Fig.  75,  6). 

Concentration  of  Field. 
Sparkless  commutation  may  also 
be  accomplished  if  the  field  is  magnetically  rigid — that  is,  not  easily 
distorted.  This  stiffness  may  be  partially  secured  by  properly  shap- 
ing the  pole-faces  or  by  making  notches  in  them  (Fig.  76),  as  sug- 
gested by  Sayers,  thus  concentrating,  the  flux  at  the  tip.  In  Fig.  78 
are  shown  various  forms  of  pole-tips,  of  which  type  a  is  not  always 
good,  but  may  be  either  extended  as  in  h,  or  cut  off  as  in  c.  An 
extreme  arrangement,  suggested  by  Dobrowolsky,  surrounds  the  arm- 
ature completely  with  iron,  as  in  d. 
Another  scheme,  proposed 
by  M.  Gravipr,  employed  the  un- 
symmetrical  form  of  poles  shown 
in  Fig.  79.  When  the  machine  is 
working  at  small  loads,  the  flux 
in  the  gap  is  nearly  uniform;  but 
at  large  loads,  the  distortion  due 
to  armature  current  forces  the 
flux  forward  and  saturates  the 
forward  pole-horn,  thus  prevent- 
ing much  change  in  its  flux-density,  on  account  of  the  saturation 
and  the  diminished  area.  Lundell  combines  this  device  with  the 
slotted-pole  method,  and  produces  the  pole  shown  in  Fig.  80.  An- 
other plan  is  to  make  the  pole-cores  of  laminated  wrought  iron  or 
steel,  to  which  a  cast-iron  pole-piece  is  attached. 

A  similar  effect  is  produced  by  making  the  poles  non-concentric 
with  the  armature,  as  in  Fig.  81.    This  secures  a  suitable  fringe  and 


Fig.  80.    Lundell's  Form  of  Pole. 
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at  the  same  time  maintains  a  fair  magnetic  rigidity.  Mr.  C.  E.  L. 
Brown  finds  that  inwardly  projecting  poles  of  circular  cross-section, 
without  any  pole-shoes  or  extensions,  produce  excellent  results  in 
generators  which  deliver  large  current.  Other  devices  for  securing 
a  gradual  entrance  of  the  arma- 
ture conductors  into  the  field,  are 
to  skew  the  hindward  edge  of  the 
pole-shoe  .as  indicated  in  Fig.  82; 
to  shape  the  pole-shoes  with  po- 
lygonal ends,  Fig.  83;  or  to  pro- 
vide clawed  edges,  Fig.  84.  Some 
manufacturers  leave  out  every 
other  lamina  in  the  pole-tips,  the 
resulting  extra  saturation  helping 

to  resist  the  effects  of  armature  distortion.  A  somewhat  similar 
device  is  that  patented  by  Marshall,  which  consists  in  attaching  to 
the  pole-piece  groups  of  short,  laminated  iron  plates  with  narrow 
spaces  between  them,  thus  reducing  the  net  area  of  the  shoe,  while 
preserving  the  same  effective  area. 

Self-Compensating  Armatures.    The  devices' of  Swinburne  and 
Mordey,  which  relate  to  chord  winding,  have  met  with  considerable 


Pig.  81.    Non-Concentric  Poles. 


/  ..- -..\ 


Fig.  82.  Fig.  83.  Fig.  84. 

Devices  for  Securing  Gradual  Entrance  of  Armature  Conductors  Into  Field. 

success.  The  most  prominent  of  these  methods  is  that  of  Sayers, 
who  connects  the  commutator-bars  to  the  armature  winding  through 
auxiliary  compensating  coils.  One  end  of  each  commutator  coil. 
Fig.  85,  is  attached  to  the  junction  between  two  main  armature  coils, 
and  the  other  end  is  connected  to  a  commutator  segment.  The 
armature  and  commutator  coils  are  represented  while  short-circuited 
by  the  brush,  a  rapid  reversal  of  current  being  produced  by  the  com- 
mutator coil  and  auxiliary  pole.    With  this  method  of  winding,  the 
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brushes  may  be  given  a  backward  lead,  thus  making  the  generator 
self-compounding  without  a  series  field-coil. 

This  completes  the  list  of  special  features  that  may  be  added  to 
generators  or  motors  to  eliminate  sparking  at  the  commutator; 
but  most  of  these  methods  are  not  likely  to  be  employed,  on  account 
of  increased  complications  and  reduced  efficiency.     In  the  largest 


Fig.  85.    Sayers  Compensating  Winding,  with  Commutation  Coils. 

machines  built  by  the  best  manufacturers,  none  of  these  special 
features  are  present,  because  it  is  found  that  the  heating  limit  of  the 
machine  is  usually  reached  before  sparking  occurs.  One  prominent 
designer  pays  no  attention  to  armature  reaction,  but  relies  upon  a 
large  number  of  commutator  segments  to  keep  the  e.  m.  f.  per  seg- 
ment at  a  very  low  figure,  also  minimizing  the  self-inductance 
of  each  armature  coil  by  making  it  of  few  turns  and  of  short  length 
parallel  to  the  shaft.  For  medium  sizes  or  high-speed  work,  this 
design  is  now  much  used,  especially  where  large  distorting  effects 
are  present. 

Conclusions.    The  special  points  to  be  observed  in  order  to  pre- 
vent sparking  at  the  commutator  may  therefore  be  stated  as  follows: 

1.  The  armature  ampere-turns  per  pole  should  not  exceed  certain 
definite  values  in  machines  of  a  given  type.  If  the  volts  per  commutator 
segment  are  5  or  less,  the  armature  ampere-conductors  should  not  exceed 
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20,000  per  pole;  while  with  10  volU  per  segment,  the  ampere-conductora 
should  not  exceed  10,000. 

2.  Long  air-gaps  are  unnecessary  if  the  armature  teeth  are  highly 
saturated— that  is,  have  a  flux-density  of  from  20,000  to  23,000  apparent 
lines*  per  square  centimeter,  or  125,000  to  150,000  apparent  lines  per  square 
inch,  both  of  the  injurious  effects  of  armature  reaction  being  diminished. 

3.  Armatures  should  be  as  short  as  possible  in  order  to  reduce  the 
self-inductance  of  the  armature  coils. 

4.  Number  of  volts  per  commutator  segment  should  be  low. 

6.     Inductance  of  the  short-circuited  coils  should  be  low  compared 
with  brush-contact  resistance,  and  the  current-density  in  carbon  brushes 
should  be  about    35 
amperes    per    square 
inch. 

Dead  Turns. 
On  account  of  the 
various  internal  re- 
actions present  in 
the  armature,  the 
terminal  voltage  is 
not  quite  propor- 
tional to  the  speed 
with  constant  field- 
current.  Inasmuch 
as  the  machine  acts 
as  though  some  of 
its  speed  were  ineffective,  the  name  dead  turns  has  been  given  to 
those  revolutions  by  which  the  actual  speed  at  any  output  exceeds 
that  determined  by  strict  proportionality. 

Spurious  Resistance.  There  is  present  in  every  rotating  arma- 
ture an  apparent  resistance  proportional  to  the  speed,  due  to  the 
self-induction  of  the  armature,  as  first  pointed  out  by  Cabanellas.  It 
cannot  be  reduced  by  dividing  the  armature  conductors  into  a  greater 
number  of  segments,  but  can  be  made  less  by  decreasing  the  number 
of  conductors  and  increasing  the  cross-section  of  iron  in  the  magnetic 
circuit.  Its  value  is  lessened  by  the  introduction  of  a  counter-e.  m.  f. 
aiding  the  commutation  of  the  current,  as  previously  explained. 

Eddy  Currents.  In  discussing  the  magnetic  circuit,  it  was 
shown  that  parasitic  currents  may  be  produced  in  the  iron  parts 

*  By  appartnt  liiu*  p«r  $qwiri  e*ntim^4r  in  tht  tMth  Is  meant  tbe  flnx-denidty  which 
woold  be  jnrecent  In  the  teeth  If  %\\  the  flax  *fn!Tig  from  tite  poles  eat«red  the  armator* 
cor*  throofrh  the  teeth. 


Fig.  86.    E:ddy  Currenu  In  Core- Discs. 
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of  generators  if  any  of  these  parts  form  closed  electrical  circuits  and 
cut  flux.     In  the  armature,  the  iron  core  rotates  in  a  magnetic  field; 


Fig.  87.  Fig.  88.  Fig.  89. 

Alteration  of  Magnetic  Field  Due  to  Movement  of  Mass  of  Iron  In  Armature. 

eddy  currents  are  set  up  in  this  core,  as  shown  in  Fig.  86,  and  unless 
prevented  from  flowing,  these  currents  will  lower  the  eflBciency  of 
the  machine.     Eddy  currents  will  also  be  produced  in  the  pole-faces, 


Fig.  90.  Fig.  91.  Fig.  92. 

Eddy  Currents  Induced  In  Fole*Pleces  by  Movement  of  Masses  of  Iron. 

due  to  the  variation  of  the  magnetic  flux,  as  shown  in  Figs.  87-92; 
and  they  may  in  addition  manifest  themselves  in  the  armature  con- 
ductors if  the  latter  are  lai^. 

In  all  cases  where  eddy  currents  are  likely  to  be  large,  the  circuits 
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affected  are  laminated  so  that  the  plane  of  lamination  cuts  across 
the  path  of  this  parasitic  current. 

Drag  on  Armature  Conductors.  A  conductor  carr}'ing  a  current 
is  surrounded  by  a  magnetic  field,  as  shown  on  page  2.  If,  now,  such 
a  conductor  be  placed  in  a  uniform  magnetic  field — as,  for  example, 
between  a  large  north  pole  and  a  large  south  pole — a  compound  field 
will  result,  having  the  distorted  appearance  shown  in  Fig.  93.  The 
direction  of  the  mechanical  force  exerted  may  be  determined  by 
supposing  that  the  flux  acts  as  a 
bundle  of  elastic  cords  tending  to 


Fig.  0S.    MaKnetic  Lines  Due  to  Con 

ductorCiirrj-lrigCurrt'nt  Placed 

in  MatfQ^iic  Field. 


Fig.  M.    Magnetic  Field  of  Slott«>d 
Armature. 


shorten  themselves.  As  a  matter  of  fact,  there  is  tension  in  the 
direction  of  the  flux,  and  stress  at  right  angles  to  it,  proportional  at 
every  point  to  the  square  of  the  flux-density.  A  conductor  in  which 
current  is  supposed  to  be  flowing  toward  the  observer  will  therefore 
be  urged  in  the  direction  of  the  arrow,  Fig. 93;  so  that  in  every  dynamo- 
electric  machine  the  current  generated  produces  a  mechanical  reaction 
which  tends  to  stop  the  motion  producing  them. 

If  the  conductors  are  imbedded  in  slots  or  holes  in  the  armature 
core.  Fig.  94,  it  is  found  that  the  drag  comes  upon  the  iron,  the  mag^ 
netic  field  being  distorted  as  shown.  In  fact,  the  flux  no  longer 
directly  cuts  the  conductors,  but,  as  it  were,  flashes  from  tooth  to 
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tooth.  In  addition  to  thus  relieving  the  conductors  of  the  drag 
effect,  the  teeth  permit  a  much  smaller  air-gap  to  be  used,  sometimes 
reducing  it  to  a  mere  mechanical  clearance. 

Stray-Power.  In  all  practical  machines  there  is  a  difference 
between  the  input  and  the  output.  In  electrical  machines,  this  dis- 
crepancy is  caused  by  the  following  reactions: 

1.  Armature-resistance  drop  producing  I^iR  effects. 

2.  Friction  of  bearings  and  brushes. 

3.  Air-friction  of  the  rotating  armature. 

4.  Hysteresis  in  the  armature  core. 

6.  Eddy  currents  in  the  armature  core,  conductors,  and  polar  pro- 
jections. 

6.     Energy  is  also  consumed  in  the  field  winding,  due  to  I*  R  effects. 

Nos.  2,  3,  4,  and  5  are  grouped  under  the  head  of  stray  power 
losses,  being  from  40  to  60  per  cent  of  the  total  loss.  No.  3  is  small, 
except  in  those  cases  where  the  armature  spider  is  provided  with 
fans  to  aid  ventilation,  and  where  special  ventilating  ducts  are  pro- 
vided in  the  armature,  as  in  most  modem  machines.  No.  4  is  by 
no  means  negligible,  but  never  adds  more  than  1  per  cent  to  the 
driving  power.  No.  5  is  the  most  important  of  all,  especially  in 
large  machines.  It  makes  its  presence  felt  even  in  the  metal  of  the 
shaft,  and  there  will  be  power  wasted  if  flux  leaks  through  this 
portion. 
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PART  II 


CALCULATIONS  AND   CHARACTERISTIC 

CURVES  OF  DIRECT-CURRENT 

DYNAMOS 

Symbols.    The  syral)ols  used  in  the  discussions  now  to  be  taken 
up,  are  as  follows : 

b  —  Number  of  external  wires  in  a  section  of  the  armature. 

c  —  Number  of  circuits  in  parallel  through  an  armature. 
E  —  Entire  e.  m.  f.  generated  in  an  armature,  in  volts. 

e  —  Lost  volts,  or  potential  drop  in  volts,  of  armature. 

17  —  Commercial  efficiency. 

t;,  —  Economic  coefficient,  or  electrical  efficiency. 
ijj  —  Gross  efficiency,  or  efficiency  of  conversion. 

F  —  Force — i.e.,  push  or  pull — in  pounds'  weight. 
<l>  —  Flux  per  pole. 

/  —  Current  in  external  circuit,  in  amperes. 
/,  —  Current  in  armature  circuit,  in  amperes. 
lok—  Current  in  shunt  field-exciting  coil,  in  amperes. 
/»  —  Current  in  series  field-exciting  coil,  in  amperes. 
K  —  Number  of  commutator  segments. 
L  —  Coefficient  of  self-induction,  or  inductance,  in  heniys 

X  —  Angle  of  lead  of  brushes. 
M  —  Volts  per  revolution  per  second, 
ft  —  Magnetic  permeabilty. 

n  —  Revolutions  per  second. 

V  —  Coefficient  of  magnetic  dispersion,  or  leakage  coefficient 

p  —  Number  of  poles. 

q  —  Ampere  conductors  per  inch  of  periphery  of  cur\'ature. 

R  —  Resistance  of  external  circuit,  in  ohms. 

r  —  Total  internal  resistance  of  generator,  in  ohms. 

r,  —  Total  resistance  of  armature  ro>7<,  in  ohms, 
ru  —  Resistance  of  shunt  field-exciting  coils,  in  ohms, 
fn  —  Resistance  of  scries  field-exciting  coils,  in  ohms, 
r.p.m.  —  Revolutions  per  minute. 
"^  —  Angle  of  pole  span. 

<r  —  Space-factor. 

T  —  Number  of  turns. 
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T,ii—  Number  of  field-exciting  turns  in  shunt  with  armature. 
Tm»  —  Number  of  field-exciting  turns  in  series  with  armature. 
t  —  Time  in  seconds. 

V  —  Volts  at  terminal  of  a  generator. 

V  —  Velocity  in  feet  per  second. 
W  —  Power  in  watts. 

a>  —  Angular  velocity  in  radians  per  second. 

y  —  Winding  pitch. 
yt  —  Forward  winding  pitch, 
t/b  —  Backward  winding  pitch. 

Z  —  Number  of  conductors  on   the   armature,  counting  all  around 
periphery. 

Fundamental  Equation.  We  have  seen  on  page  17  that  an  e.  m. 
f.  of  one  volt  is  generated  when  10^  lines  are  cut  per  second.  Now, 
as  most  armatures  have  more  than  one  conductor  cutting  the  field 
flux,  the  e.  m.  f.  generated  will  be  a  direct  function  of  the  number 
of  conductors  connected  in  series. 

Assuming  that  the  sections  of  the  armature  winding  equal  in 
number  the  commutator  bars  (K),  the  external  conductors  all  around 
the  armature  will  be  bK.    The  total  number  of  conductors  that  are 

in  series  with  each  other  electrically  from  brush  to  brush  is  —   or 

Z 

— .    If,  now,  the  armature  speed  of  rotation  is  given  in  r.  p.  m.,  then 
c 

the  revolutions  per  second  (w)  =    '  ^'     '. 

60 

In  order  to  compute  the  e.  m.  f .  generated,  we  have : 

Number  of  lines  cut  by  one  external  wire  in  one  revolution —  P<f> 

Number  of  lines  cut  by  1  external  wire  in  1  second =  np(f> 

Number  of  lines  cut  by  —  external  wires  in  series  in  1  second . . .  .=  np4) Z-hc 

Average  e.  m.  f .  generated,  in  C.G.S.  units =nZ  <^^ 

nZ  y^  p 
Average  e.  m.  f.  generated,  in  volts =  -jQg-  - 

Average  e.  m.  f.  generated,  in  volts ==   'A»,/,,w,^ — -(^) 

oU  X  lU^  X  c     ^    ' 

If  the  number  of  circuits  through  the  armature  is  equal  to  the 

number  of  poles  in  the  field,  we  may  write: 

(Avemge)E=  ^L^l^^  =  Mn (2) 

^  ^  10«  X  60  ^   ^ 

It  must  be  remembered  that  this  e.  m.  f.  is  an  average,  and  that  it 
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depends  upon  the  construction  of  the  armature  how  much  fluctuation 

takes  place  during  a  rotation,  as  shown  on  page  22. 

Example.  Assume  a  4-pole  machine  with  a  4-circuit  armature  wind- 
ing; the  flux  per  pole,  2,000,000  lines  of  force;  the  total  number  of  inductors 
in  the  armature,  600;  and  the  speed.of  the  machine,  1,200  r.  p.m.  Determine 
the  generated  voltage. 

Substituting  in  Equation  1,  we  have; 

p      1,200X600X2,000,000X4      -^^      ,, 
^ 60X10»X4 24^  ^°'*»- 

Efficiency  of  a  Generator.  Tlie  efficiency  of  a  generator  b 
defined  to  be  the  ratio  of  the  mechanical  power  applied  to  the  rotation 
of  the  armature  of  the  generator  at  any  given  load,  to  the  electric 
power  output  at  that  load.  The  mechanical  power  expended  in 
turning  the  armature  against  the  resisting  forces  may  be  measured 
mechanically  by  a  dynamometer,  or  by  taking  indicator  cards  at  the 
engine  and  allowing  for  friction.  By  far  the  best  method  is  the 
electrical  one,  of  using  an  electric  motor,  which  has  been  carefully 
calibrated,  to  determine  the  mechanical  power  required  to  operate 
the  generator  at  any  given  load.  The  Hopkinson  or  so-called  pump- 
ing-back  arrangements  are  even  more  commonly  adopted,  especially 
for  large  units. 

The  electrical  power  is  expressed  as  the  product  of  amperes  of 
current  and  volts  difference  of  potential  between  the  two  terminals 
of  that  part  of  the  circuit  in  which  the  energy  is  being  expended. 
This  product,  measuretl  by  suitable  instruments,  expresses  the 
power  or  energy  expended  per  second  in  the  circuit  in  watts,  the 
electrical  unit  of  power.  The  mechanical  unit  of  power  (that  is, 
the  horse-power,  h.  p.),  is  practically  equal  to  746  watts*.  We  may 
therefore  write, 

.  W        IXV  .,. 

The  electrical  efficiency  or  economic  coeflBcient  of  a  generator 
is  defined  to  be  the  ratio  between  the  electrical  power  utilized  in  the 
external  electrical  circuit  and  the  electrical  power  developed  in  the 
armature.  So  that  if,  through  an  armature  there  are  flowing  /» 
amperes  due  to  a  generated  e.  m.  f.  (E),  the  electrical  activity  ex- 
pressed in  watts  will  be  £/«. 

*  1  b.  p.  a  716.640  watts  exactly  (Henry's  Convtrtton  TabUi). 
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If  the  voltage  at  the  terminals  of  the  generator  be  V  volts,  and 
the  current  through  the  external  circuit  be  /  amperes,  the  useful 
power  in  watts  will  heVxI- 

Therefore  the  economic  coefficient  of  the  machine  will  be: 
Useful  electrical  power      V  y  I 

7)     := =     , 

'»      Total  electrical  power      Ex  h 
The  efficiency  of  electric  conversion  is  defined  as  the  ratio  of 
the   power  developed   in   the  armature   to  the   mechanical   power 
expended  in  producing  it.    This  may  be  written: 

'^2      746xh.p..' 
Hence  the  commercial  or  true  efficiency  of  the  generator  becomes : 

It  may  also  be  obtained  by  taking  the  ratio  between  the  output 

in  watts,  and  the  sum  of  the 
output  and  losses  in  watts; 
that  is, 

VI 

^      VI  +  2W'    ' 

in  which  ^W  represents 
the  sum  of  the  mechanical 
and  electrical  losses  in  the 
generator.  By  multiplying 
the  right-hand  member  of 
this  last  equation  by  100, 
the  commercial  efficiency  is 
obtained  as  a  percentage. 

The  efficiency  of  a  genera- 
tor is  by  no  means  constant 
throughout  all  ranges  of 
loading.  On  the  contrary,  because  of  the  variation  of  the  genera- 
tor losses  with  the  current  through  the  armature,  the  efficiency 
curve  takes  some  such  form  as  that  shown  in  Fig.  95.  Here  it 
is  seen  that  the  efficiency  increases  very  rapidly  from  0  to  about 
80  per  cent  at  80  kilowatts  output,  beyond  which  it  increases 
slowly  until  it  reaches  a  maximum  value  at  about  550  kw.  From 
this  point  it  decreases  slowly;  and  with  still  further  increase  in 
load,  the  efficiencv  would  continue  to  decrease,  but  more  and  more 


100         200       300       4-00       500     600 
Output  in  Kilowatts 

Fig.  96.    Typical  Curve  of  Efficiency. 
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rapidly.  This  is  made  clear  when  the  curves  representing  the  varia- 
tion of  the  losses  with  load  are  examined.  Assuming  speed  and 
voltage  constant,  it  is  seen  that  the  friction,  windage,  and  iron  losses 
increase  very  slowly  with  output.  The  copper  losses  in  the  armature 
and  field,  and  the  brush-contact  losses,  increase,  however,  as  the 
square  of  the  current,  and  thus  at  large  overloads  attain  enormous 
proportions.  By  proper  design,  the  efficiency  curve  may  be  made  to 
take  any  desired  form  within  certain  limits,  the  ma.ximum  point 
being  usually  dfsigned  to  occur  at  the  normal  load. 

Magneto  Generator.  In  this  tvpe  of  dynamo  the  flux  through 
the  armature  is  due  to  the  permanent  field  magnets-  Thus  4> 
depends  both  upon  their  magnetic  strength  and  upon  the  cross- 
section  of  iron  core  of  the  armature  and  the  air-gaps.  If  the  current 
drawn  from  the  machine  is  sufficiently  great,  the  reaction  of  the  arma- 
ture will  diminish  <^,  and  lessen  the  generated  e.  m.  f.  (assuming 
constant  speed  of  rotation).  If,  however,  the  current  drawn  pro- 
duces a  negligible  effect  upon  the  flux  through  the  armature,  the 
voltage  of  any  given  magneto  machine  will  be  directly  proportional 
to  the  speed  of  rotation,  by  Equation  1,  page  62. 

The  voltage  at  the  terminals  of  the  magneto  as  well  as  other 
types  of  electric  generators,  is  not  equal  to  that  generated  in  the 
armature  conductors.  The  armature  winding  is  always  of  appreciable 
resistance,  so  that  the  passage  of  any  current  through  it  protluces 
a  drop  of  potential,  in  addition  to  which  there  is  also  a  drop  due  to  the 
brush-contact  resistance.  It  is  convenient  to  have  an  expression  for 
E  in  terms  of  the  terminal  voltage  Fand  other  measurable  quantities, 
because  E  cannot  be  measured  directly  when  any  current  is  being 
drawn. 

Let  r  be  the  total  internal  resistance  of  the  armature  of  the 
generator,  measured  at  the  brushes;  let  R  be  the  tota!  external  resLjt- 
ance;  and  let  /  be  the  current.    Then  by  Ohm's  law, 

E^HR  +  r) (4) 

«-/r 
V  "  IR; 
so  that, 

^  -    '^  (s) 

'-e'rTT  ^^^ 

and 

£:-K+/r-K+« (6) 
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which  means  that  the  generated  e.  m.  f.  is  equal  to  the  sum  of  the 
terminal  voltage  and  the  armature-resistance  drop.  This  latter 
increases  directly  with  the  armature  current,  but  in  well-designed 
machines  is  arranged  so  as  not  to  exceed  2  or  3  per  cent  at  rated 
load. 

On  page  64  the  economic  coefficient  was  shown  to  be 
VI 


Vi  = 


Eh 


In  the  magneto  machine,  7  =  /.  ;  so  that,  from  Equation  5, 


R 


(7) 


Fig.  96.    Diagrammatic  Representation  of 
Series  Generator. 


This    equation   shows    that   as    the   resistance  of  the  armature  is 
decreased,  the  economic  coefficient  of  the  machine  increases,  the 

theoretical  maximum  of  unity 
being  attained  when  the  arma- 
ture resistance  is  nil.  This  is 
true  for  all  electrical  machines. 

Separately-Excited  Generator. 
For  this  type  of  dynamo  the 
same  formulae  hold  as  for  mag- 
neto generators.  In  this  case, 
however,  the  flux  per  pole  ^  de- 
pends upon  the  strength  of  the 
field-exciting  current  secured 
from  an  independent  source. 
In  estimating  the  commercial  efficiency,  this  fact  must  be  taken  into 
account,  the  power  thus  spent  being  usually  from  1  to  3  per  cent  of 
the  output  of  the  machine,  the  larger  figure  relating  to  the  smaller 
machines. 

Series  Generator.  The  series  generator,  shown  diagrammati- 
cally  in  Fig.  96,  has  but  one  circuit  and  one  current  (7),  whose  strength 
depends  upon  the  generated  e.  m.  f.  (E)  and  the  total  resistance 
in  the  circuit.  Using  the  notation  previously  adopted,  we  have  by 
Ohm's  law: 

E  =  I  (R  +  r,  +  r„);  and  V  =  IR.     Hence 

V  =  E-(u  +  r^)I. 
The  economic  coefficient  will  be: 

Useful  power  _  PR  _  R  _V 

Total  power  ~  P  {R  +  r^  +  r„)  ~  {R  +  r^  +  r«,)  "  E 


Vt- 


(8) 
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Tliis  is  obviously  highest  when  r»  and  r,e  *ro   ^^  ^^^y  small. 
They  are  usually  about  equal. 

Shunt  Generator.  In  the  shunt  djTiamo,  Fig.  97,  the  field  and 
the  external  circuits  are  in  parallel,  so  that  we  liave  two  circuits  to 
consider. 

Let  /  —  the  current  in  the  external  circuit; 
/•  »  the  current  in  the  armature; 
/•k*  the  current  in  the  shunt  field-circuit. 

Then, 

/.  -  /  +  /.b  ; 
for  it  is  clear  that  the  current  produced  in  the  armature  divides 
between  these  two  parts  of  the  circuit  only. 

Calling  that  part  of  the  annature  current  which  passes  through 
the  shunt  winding  and  is  conse- 
quently not  available  in  the  external 
circuit,  the  lost  amperes*  =  7gh,  we 
have  the  resistance  of  the  shunt 
coils, 


r.h' 


Fig.  97.    Shunt  Dynamo  Showing  Bfaln 
and  Shunt  Circuits. 


In  modem  machines,  rgj,  is  so  pro- 
portioned that  the  shunt  field 
amperes  constitute  from  1  to  3  per 
cent  of  the  whole  current  output  of 
the  machine,  the  larger  value  being 
for  the  smaller  generators. 

Example:  In  a  standard  Crocker-Wheeler  85  kw.  shunt  genera- 
tor, 3.3  amperes  was  require*!  in  the  field-exciting  circuit,  the  gen- 
erator giving  370  external  amperes  at  230  volts.  Thus  the  resistance 
of  the  field  winding  was  69.7  ohms,  the  armature  current  was  373 
amperes,  and  the  shunt  field  current  was  about  1  per  cent  of  the 
rated  load  current. 

We  may  now  compute  the  economic  coefficient  of  a  shunt- 
wound  generator  as  follows: 

The  total  watts  produced  in  the  armature  of  the  machine  are: 

W^EU..*  (9) 

*S.  p.  Thompson's  Dffnamo-Eltetric  Machiittr^,  N.  Y.,  1904.  VoL  I,  Pa^  aoa 
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and  the  watts  delivered  to  the  external  circuit  are 

w=V  I (10) 

We  also  have 

E=V  +  h  r.=  r  +  (/  +  /.Or., (11) 

since 

/.  =  /  +  /.h 
Substituting  these  values  in  Equation  9,  we  obtain: 

Tr  =  (F  +  /r. +  /.hr.)  (/ + /.h) 
=  F/  +  F/.h  +  (/  +  /.h)2  ra 
=  F/  +  F/.h  +  Ilu (12) 

which  reads:  The  watts  produced  in  the  armature  are  equa]  to  the 
sum  of  the  watts  delivered  to  the  external  circuit,  the  watts  wasted 
in  the  shunt  field,  and  the  watts  dissipated  in  heating  the  armature 
conductors.  Considering,  then,  the  purely  electrical  efficiency  of 
a  shunt-wound  generator,  the  iron  losses,  friction,  windage,  and 
other  mechanically  supplied  losses  not  being  present  in  Equation  12, 
we  have, 

«       y>  ____ZL__ (13) 

^^=  W  ~VI  +  VU  +  Ilr, 

In  order  that  this  ratio  may  approach  unity,  its  limit,  the  sum  of 
the  losses  must  approach  zero.  Writing  the  latter  as  a  fraction  of 
the  output,  we  have, 

1  -Vx      y  /.h  +  Ilr 
%     =  VI 

^Lh+hlJt (14) 

I   ^     V  ^       ^ 

which  shows  that  the  two  terms  are  of  equal  importance,  assuming 

that  /a  =  /,  i.e.,  that  the  shunt-exciting  current  is  negligible,  as  in 

practice  it  rarely  exceeds  2  to  3  per  cent  of  the  rated  current. 

Equating  these  two  terms,  and  inserting  for  Ish  its  value  V^Tsh, 

there  is  obtained, 

'-f-7^ (15) 

F        /  r,h 

that  is 

V  

-7-=  |/rar.h  =  i2 (16) 

showing  that  the  external  resistance  is  a  geometric  mean  between  the 
armature  resistance  and  the  resistance  of  the  shunt-field  winding. 
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r»9 


Substituting  in  Equation  14,  for  /  and  K,  their  values  in  tenns 
of  resistances  as  given  above,  we  have, 


'-^.        ^1     r. 


r.h 


R 


(17) 


from  which  it  is  obvious,  that  for  the  percentage  of  losses  to  be  small, 
the  shunt-winding  resistance  must  be  large  in  comparison  with  the 
armature  resistance. 

It  must  be  clearly  borne  in  mind  throughout  the  preceding  dis- 
cussions, that  the  commercial  efficiency  is  always  lower  than  the 
so-called  "electrical  efficiency,"  since  the  latter  does  not  include  the 
mechanically  supplied  losses  due  to  friction,  windage,  hysteresis, 
and  eddy  currents.    The  economic  coefficient,  or  electrical  efficiency, 


'»h 


M 


r^O^ 


K^ 


<^  <^  0  <)  <>- 

Pig.  W.    Short-Shunt  Methotl  of  Connect- 
ing  Shunt-Colls  to  Dynamo. 


<><><><><>' 


Pig.  89.    Long-Shimt  Method  of  Connect- 
ing Shunt-Colls  to  Dynamo. 


may  be  used  to  compare  various  types  and  to  show  the  conditions 
for  best  electrical  working;  but  the  commercial  efficiency  is  the  true 
and  final  test  for  any  given  machine. 

Compound-Wound  Generator.  Under  this  head  will  be  con- 
sidered that  type  of  compound  dynamo  in  almost  universal  use  at 
the  present  time.  This  may  be  regarded  as  either  a  shunt  machine 
in  which  series  turns  have  been  addetl  to  the  field  winding  in  order 
to  compensate  for  the  drops  due  to  armature  resistance  and  armature 
reactions;  or  as  a  series  generator  to  which  shunt  windings  have  been 
added  in  order  to  produce  an  initial  magnetization.  In  either  case, 
there  are  two  possible  ways  of  connecting  the  terminals  of  the  shunt 
ct)ils  to  the  source  of  voltage,  known  respectively  as  the  short-shunt 
and  long-shunt  methods. 
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In  the  short-shunt  method,  the  shunt  coils  are  connected  directly 
across  the  brushes  of  the  machine,  Fig.  98;  while  in  the  long-shunt 
arrangement,  Fig.  99,  the  shunt  coils  may  be  considered  as  a  shunt  to 
the  external  circuit.  In  the  former  method  the  voltage  applied  to  the 
terminals  of  the  shunt  windings  is  not  a  constant,  but  increases  with 
load  if  the  generator  be  assumed  to  be  compounded  to  give  a  constant 
or  increasing  terminal  voltage  with  load.  In  the  long-shunt  method, 
the  voltage  at  the  terminals  of  the  shunt  coils  will  be  the  same  as  that 
impressed  upon  the  external  circuit;  and  if  the  generator  is  com- 
pounded to  give  constant  terminal  voltage,  the  arrangement  becomes 
analogous  to  the  case  of  a  machine  with  one  field-exciting  winding 
supplied  from  an  independent  source  at  constant  potential,  and  a 
second  field-exciting  winding  in  series  with  the  external  circuit. 

The  calculations  for  both  long-  and  short-shunt  arrangements 
are  practically  the  same;  but,  on  account  of  greater  simplicity,  those 
for  the  former,  with  the  generator  assumed  to  be  compounded  for 
constant  terminal  voltage,  will  be  given. 

We  have  from  page  62,  E  =  M  n;  also,  V  =  E  —  {r^  -^  rgg)  /»• 
Since  the  flux  depends  upon  the  ampere  turns  of  excitation 

M  =  M,  +  Mx  =  w  (/.h  ^.h  +  /«  T..), (18) 

in  which  w  is  a  variable  quantity  representing,  at  various  stages  of 
the  magnetization,  the  numerical  relation  between  the  flux  and 
excitation  of  the  magnetic  circuit  for  a  particular  dynamo.  Con- 
sequently, when  the  external  current  is  zero,  we  have: 

Mo  =  Mo  /.h    Tsh. 

M  is  proportional  to  the  flux  entering  the  armature  from  one  pole, 
which  in  compounded  machines  is  not  a  constant  quantity.  ^  It  is  due  to 
the  combined  effects  of  the  shunt  and  series  ampere-turns;  that  is,  M  = 
M\  +  Mx,  in  which  Mi  is  proportional  to  the  shunt  ampere-turns,  and  Mx  is 
proportional  to  the  series  ampere-turns. 

From  pages  10,  61,  and  62,  it  is  clear  that, 


and 

Mi- 


OATTl^T^       Zp 


-h  ■ 

108.  C   ' 

0.47r  /.b  Ta 

Zp 

^h 

108.  C 
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where  ft  is  the  average  value  of  the  gross  permeability  (iron  and  air 
together),  between  its  two  extreme  values — that  is,  when  /  =  zero, 
and  /  =  maximum. 

Adding  the  two  prece<ling  equations,  we  have: 

Af  -  M.  +  A/.  -  ^  P  "••*  f  (/,  r»  +  U  Tu). 
l^cZ  — 

Z  V  0.4  TT 

Replacing  the  factor  — £- — - — j—  by  u,  the  result  is: 

Af  -  u  (/.h  r,h  +  /m  r^),  as  above. 

Substituting  the  values  of  E  and  M,  there  is  obtained: 

T'  =  n  «  /.h  T'.h  +  nu  /.  r„  -  (r.  +  r»)  /. . 

Inspecting  this  equation,  we  note  that  it  is  composed  of  three 
terms.  The  first  contains  as  variable  factors  the  speed  of  rotation 
and  the  shunt  current,  which  latter  may  be  kept  constant  if  the 
terminal  voltage  can  be  made  constant.  The  second  and  third  terms 
contain  as  a  variable  factor,  the  current  /»>  while  the  second  contains 
also  the  speed  as  a  variable.  It  is  noted,  however,  that  the  algebraic 
signs  of  the  second  and  third  terms  are  opposite,  and  that,  if  the 
speed  of  rotation  is  constant,  the  latter  terms  contain  the  only 
variables.  Therefore,  in  order  that  V  may  remain  constant  through- 
out all  changes  of  load  within  the  rating  of  the  machine,  these  terms 
must  cancel.  That  is,  nu  T^  =  r^  +  r^  is  an  equation  of  con- 
dition for  constant  V  at  constant  n.  Dividing  both  sides  by  n  u, 
or  by  u  T^,  there  results: 

Tm  -  .  —  :  or,  n  -  — ,= .  —  .  \  ■  ^/ 

When  the  external  current  b  zero, 

r-.nAf„-(r.  +  r«)/.; 

and  assuming  the  drops  due  to  the  resistances  of  the  armature  and 
scries  field-windings  to  be  zero  (since  they  are  negligibly  small  when 
the  external  current  is  zero),  we  have : 

Substituting  value  of  n  from  Equation  19,  we  have: 

(20) 


TA 

1          U  +  Tm 
U,  "        Tm 

U  ' 

or    ^'^    .       '■'* 

u 

J**- 

°''     Tm        U  +  Tm 

u« 
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which  is  the  final  equation  of  condition  that  V  shall  be  constant. 

As  Mq  is  proportional  to  fio,  the  permeability  of  the  magnetic 
circuit  when  the  external  current  is  zero,  and  as  u  is  proportional  to 
/i,  the  average  permeability  over  the  working  range,  it  follows  that  if 
there  were  no  alteration  due  to  saturation,  we  should  have  u  =  u^. 

Thus  far  we  have  assumed  that  the  difference  between  the 
generated  e.  m.  f.  and  the  terminal  voltage  of  the  machine  was 
dependent  upon  the  resistances  of  the  armature  and  series-field 
windings;  but,  as  we  have  seen  on  page  49,  there  is  also  a  drop  due 
to  the  armature  demagnetizing  action.  In  order  to  take  account  of 
this,  we  must  remember  that  if  the  angle  of  lead  of  the  brushes  be 
X,  the  demagnetizing  conductors  will  be  confined  within  a  belt 
2X  {i.e.,  Z\  -=-  90°).  Then,  if  the  number  of  paths  through  the  arma- 
ture be  c,  each  conductor  will  carry  /a-^c  =  7i  amperes;  and  the 
number  of  demagnetizing  ampere-turns  will  be  2DIi,  where  D  is  the 
number  of  armature  conductors  within  the  angle  X.  In  order  to 
compensate  for  this  action,  a  number  of  turns  must  be  added  to  the 
series  regulating  turns,  such  that  the  m.  m.  f.  produced  by  the  ex- 
ternal current  flowing  ihrough  them  shall  be  exactly  equal  but 
opposed  to  that  produced  by  the  demagnetizing  tendency  of  the 
armature.    That  is,  the  compensating  turns  must  be  at  least, 

2/,Z)  ^  2D 
I       ~     c     ' 

Owing,  however,  to  the  effect  of  magnetic  leakage,  the  total 
m.  m.  f.  of  this  compensating  winding  will  not  be  suflBcient  to  void 
the  armature  demagnetizing  effect.  This  leakage  may  be  provided 
for  by  multiplying  2  D  -^  c  hy  v,  the  coeflBcient  of  magnetic  leakage. 

Hence   we    must    substitute  for  T^  in  Equation  20,  T„—  , 

u 

in  order  to  compensate  for  these  effects. 

Should  it  be  required  to  have  the  generator  over-compound  or 

under-compound,   the    additional  series-turns  will  be  either  more 

or  less  than  those  given  by  the  revised  Equation  20,  depending  upon 

the  amount  of  over-  or  under-compounding,  examples  of  which  will 

be  considered  under  Design.     In  the  above  discussion,  we  tacitly 

assumed  that  the  speed  of  rotation  was  maintained  constant.     This 

is  in  general  not  the  case,  however,  the  speed  of  the  prime    mover 

falling  off  as  the  load  on  the  generator  increases,  producing  a  diminu- 
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tion  in  the  generated  c.  m.  f.  In  addition,  the  load  is  fre<{Ucntly 
remote  fn)ni  the  dynamo,  necessitating  feeders  l)etween  tlie  machine 
and  load,  with  a  ct)nse<|uent  drop  in  voltage.  In  onler  to  com|x.>nsate 
for  these  factors  which  tend  to  lower  the  voltage  at  the  point  of 
application  of  the  power,  it  is  customary  to  over-compound  generators 
so  that  their  terminal  voltage  at  rated  load  is  fmm  3  to  15  per  cent 
in  excess  of  the  no-load  value.  The  lower  values  are  usual  for 
generators  supplying  lighting  circuits,  while  the  higher  ones  are  for 
those  employed  in  railway  systems. 

CALCULATIONS  OF  THE   MAGNETIC  CIRCUIT 

Forms  of  Field- Magnets. — General.     Before  discussing  the  appli- 
cation of  the  formulae  for  the  magnetic  circuit,  already  given,  to  actual 


Uynamo. 


Fl«.  Kl.    OverT>-j)c  U-ja,.^!- 
Dynamo. 


machines,  let  us  consider  the  various  shapes  in  which  field-magnets 
ami  frames  are  usually  found. 

The  form  of  a  field-magnet  depends  primarily  upon  whether  it  is 
bipolar  or  multipolar.  Prior  to  about  1890,  the  former  type  was  in 
universal  use  for  all  direct-current  machines,  even  up  to  large  sizes; 
but  now  it  is  generally  restricted  to  machines  of  less  than  5  kilowatts 
output,  larger  sizes  being  made  multipolar  to  save  material,  as  ex- 
plained later. 

Bipolar  field-magnets  may  Im?  of  the  .simple  horseshoe  t\'pe, 
placed  as  in  tlie  early  luli.son  machines  (Fig.  100);  ormay  l)e  turned 
with  the  pole-piecvs  upwanl,  known  as  the  inverted  or  over-type 
(Fig.  101);  or  the  horseshoe  may  Iw  laid  on  its  side  (Fig.  102).     This 
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latter  type  produces  an  unsymmetrical  machine,  and,  in  addition, 
the  entire  base  and  bearings  are  connected  to  one  of  the  pole-pieces, 
exposing  a  large  surface  which  materially  increases  the  magnetic 
leakage.     This  type  is  interesting,  however,  from  the  fact  that  it  has 


Pig.  103.    Single  Exciting-Coll 
Type  Bipolar  Dynamo. 


Fig.  108.    Manchester  Tyi)e  of 
Field-Magnet. 


but  a  single  field-coil.  The  same  form  is  also  arranged  with  the  core 
horizontal,  the  armature  being  either  under  or  over  the  latter,  in 
which  case  the  supports  for  the  bearings  must  be  of  some  non-magnetic 
material  such  as  brass,  since  they  extend  from  one  pole-piece  to  the 
other. 

These  forms,  excepting  the  over-type,  are  open  to  the  objection 
that,  if  set  upon  an  iron  base,  the  base  would  act  as  a  magnetic  short- 


Fig.  104.    Bipolar  Ring  Field-Magnet. 


Pig.  106.     Four-Pole  King  Field-Magnet. 


circuit,  and  thus  rob  the  armature  of  a  considerable  portion  of  the 
magnetic  flux.  In  the  Edison  machines,  this  diflBculty  was  partly 
overcome  by  interposing  thick  pieces  of  zinc  between  the  pole-pieces 
and  the  base;  but  Hopkinson*  found  that  even  with  this  arrangement, 

'Philosophical  Transactions  of  the  Boyal  Society,  May  0, 1888. 
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Pig.  106.    MoltlpoUr  Ring  Field-Magnet. 


the  leakage  through  the  base  was  over  10  per  cent  of  the  total  flux. 
The  over-type,  on  the  other  hand,  has  but  small  magnetic  leakage  of 
this  character,  since  the  pole-pieces 
are  far  removed  from  the  base  bear- 
ings or  other  magnetic  conductors. 
Fig.  103  represents  a  radically 
different  form  of  bipolar  magnet, 
called  the  Manchester  type,  from  its 
place  of  manufacture  in  England. 
The  construction  is  extremely  solid, 
and  offers  good  protection  to  the 
machine;  but  it  has  the  undesirable 
feature  of  having  two  magnetic 
circuits  in  parallel,  producing  consequent  poles  and  requiring  the 
full  number  of  ampere-turns  for  each  circuit.  Hence  the  total  number 
is  doubled;  but  each  is  only  V  J  times  as  long,  because  the  cross- 
section  of  each  core  is  one-half  that  of  an  equivalent  single 
core.    The  required    length    of  wire  is  thus 

2  X  xl  -;r-  =1.41  times  as  great  for  the  double 

magnetic  circuit.  This  form  also  has  consid- 
erable magnetic  leakage,  the  entire  base  and 
bearings  being  connected  to  one  of  the  pole- 
pieces. 

The  modem  tendency  has  been  to  draw 
away  from  these  early  designs,  and  to  adopt 
machines  that  are  wholly  or  partially  enclosed. 
Figs.  104,  105,  106  represent  respectively  the 
bipolar,  four-pole  and  multipolar  ring  arrange- 
ments of  present-day  practice,  the  bipolar  tj'pe 
being  restricted  to  machines  of  small  output, 
as  noted  above.  This  ring  arrangement  has 
the  advantages  of  strength,  simplicity,  sjin- 
metrical  appearance,  and  minimum  magnetic 
leakage,  since  the  pole-pieces  have  the  least  possible  surface  and 
the  path  of  the  magnetic  flux  is  shorter,  more  symmetrical,  and  more 
natural. 

Magnetic  Leakage.    The  function  of  the  field-magnet  b,  as  we 


Fig.  107.     Magnetic  Leak 

age  or  Stray  Flux  in 

Bipolar  Field. 
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have  seen,  to  produce  a  flux  which  the  armature  conductors  cut  in 
order  to  generate  an  e.  m.  f.  This  flux  is  called  the  usejul  flux. 
In  atldition  to  this  useful  flux, there  is  a  stray  flux  from  all  parts  of  the 
field  system  (Figs.  107,  108),  the  m.  m.  f.  of  the  exciting  ampere- 
turns  having  to  produce  both  these  fluxes.  If  we  call  <j>^  the  flux 
in  the  magnet-core,  <^,  the  flux  in  the  armature,  and  0,  the  flux 
which  strays,  we  have: 

The  ratio  between  the  total  flux  and  the  useful  flux  is  called  the 
coefficient  of  magnetic  leakage  or  dispersion,  that  is, 

It  is  a  number  great- 
er than  unity,  and 
varies  in  value  from 
1.15  in  ring  types 
(Figs.  104-106),  to 
1 .7  in  the  Manches- 
ter and  under- types 

Fig.  108.    Magnetic  Leakage  or  Stray  Flux  in  Four-Pole  Field.    .„.         ,__.    ,_.„, 

(l^igs.  100-103). 

The  magnitude  of  the  stray  field  depends  chiefly  (a)  upon  the 
shape  of  the  magnet-limbs;  thus  circular  cores,  for  example,  will 
have  less  leakage  than  those  of  rectangular  cross-section,  on  account 
of  the  smaller  area  of  the  side  flanks;  (b)  upon  the  length  of  the  air- 
gap,  because  the  higher  the  reluctance  of  the  latter,  the  greater  the 
tendency  of  the  flux  to  take  alternative  paths;  (c)  upon  the  degree 
of  saturation  to  which  the  field  system  is  pushed,  because  the  mag- 
netic conductivity  of  the  leakage  paths  in  air  is  constant,  while  that 
of  the  iron  cores  decreases  as  the  saturation  point  is  approached. 
It  is  evident,  therefore,  that  the  coefficient  of  dispersion  not  only 
varies  with  different  types  of  machine,  but  is  not  generally  constant 
even  in  a  given  machine,  since  it  rises  with  the  excitation.  IVIore- 
over,  when  a  large  armature  current  flows,  the  demagnetizing  action 
of  the  latter  directly  aids  dispersion,  as  it  usually  produces  a  m.  m.  f. 
opposed  to  that  of  the  main  flux,  which  tends  to  blow  aside  the  latter. 

The  only  accurate  method  of  determining  the  dispersion  factor 
of  any  machine  is  by  experiment,*    For  purposes  of  design,  however, 

♦For  various  methods  of  procedure,  see  S.  P.  Thompson's  Dynamo- Electric  Machinery, 
Vol  I,  p.  134,  New  York,  1904. 
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one  must  resort  to  the  results  of  experiments  performed  on  machines 
similar  to  the  one  being  designed.  Table  1 1  gives  appmximate  values 
of  dispersion  coefficients  for  machines  of  the  modem  type  {i.e.,  mul- 
tipolar frames),  and —  for  comparison  —  values  for  corresponding 
machines  of  the  other  types  mentioned.* 

TABLE  II 
Dispersion  Coefficients 


MULTirOLAB 

SlNOLE- 

MANcnraTKR 

OtTTFtrr  iM 

TrPK 

ChrCRTTFB 

UfiDr.RTTPr 

Maonet  Type 

Typk 

KiLowA-m 

Fijw    104. 
105.  106 

Pig.  101 

Fig.  100 

Mg.  102 

Fig    103 

1 

1.86 

2 

1.26 

5 

1.20 

1.40 

1.60 

1.65 

1.70 

7 

1.18 

10 

1.16 

25 

1.15 

1.28 

1.46 

1.40 

*      1.55 

60 

1.14 

100 

1.12 

1.22 

1.86 

1.82 

1  45 

200 

111 

800 

1.10 

1.25 

500 

1.09 

1,000 

1.08 

It  is  seen  that  the  magnetic  dispersion  is  greater  with  the 
smaller  sizes  of  machines,  because  the  surfaces  from  which  it  occurs 
are  relatively  longer  compared  with  the  total  flux.  It  is  also  greater 
with  cast-iron  magnets  and  pole-pieces  and  with  smooth-core  arma- 
tures. 

It  is  theoretically  possible  to  predetermine  the  dispersion  of  a 
given  machine  from  the  working  drawings,!  the  calculations  being 
base<l  upon  the  principle  that  where  a  circuit  offers  alternative  paths, 
the  flux  will  divide  itself  Ix'tween  the  paths  in  the  proportion  of  their 
relative  magnetic  conductance  or  permeance.  In  fact,  the  theory  of 
parallel  electrical  circuits  is  here  applicable.  Various  niles  have  been 
devisetl  for  this  purpose;  but  the  manufacturers'  designer  usually 
contents  himself  with  referring  to  tables  such  as  that  given  above. 

Exciting  Ampere-Tums.  The  determination  of  the  exciting 
ampere-turns  for  a  machine  is  a  simple  matter  if  we  know  the  dis- 

•  Dynamo. EUetrie  Machiiury.  S.  P.  Tbompson.  New  York,  1901,  Vul.  I.  p.  138. 
^Drpumo-Sttetrie  MaehiH*;  A.  E.  Wiener.  M  ed..  p.  tl7. 
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persion  coefficient  and  the  magnetic  properties  (as  shown  by  the 
B-H  curve)  of  the  materials  forming  parts  of  the  magnetic  circuit. 
See  Fig.  112. 

The  simplest  mode  of  procedure  is  to  fix  approximately  the 
flux  necessary  to  pass  through  the  armature  in  order  to  produce  the 
required  e.  m.  f.*  Knowing  this  value,  and  also  the  size  of  the 
machine,  we  may  select  from  Table  II  a  suitable  dispersion  coeffi- 
cient, and  thus  find  the  flux  required  to  be  produced  by  the  field 
winding.     That  is: 

The  next  step  is  to  allow  a  sufficient  cross-section  of  material 
in  the  various  parts  to  carry  this  flux  at  a  reasonable  flux-density. 
Knowing  the  latter  at  once  fixes  the  reluctance,  and  the  necessary 
number  of  ampere-turns  is  found  by  solving  the  equation  connecting 
the  flux,  m.  m.  f.,  and  reluctance  of  each  portion  of  the  circuit, 
given  on  page  10.    That  is, 

(^Z  B  Al  Bl 

Ampere-turns  =  77=  j-^^y^  =    i.257A/x   =  r2577i- 

Where  B  is  the  flux-density  per  square  centimeter,  and  I  the 
length  of  the  part  in  centimeters,  the  sum  of  the  ampere-turns  re- 
quired for  the  different  parts  will  then  give  the  total  ampere-turns 
for  that  circuit.  The  magnetic  path  from  one  pole  to  its  neighbor 
of  opposite  polarity  and  return,  is  alone  considered  as  indicated  in 
Figs.  104,  105,  106  (assuming  a  ring-type  yoke).  Hence  the  total 
ampere-turns  for  this  circuit  will  be  those  necessary  per  pair  of  poles. 
In  other  words,  each  field-coil  must  have  one-half  of  this  total  value. 

As  average  values  for  the  magnetic  densities  in  the  various 
parts  of  continuous-current  generators,  we  may  take  the  figures  of 
Table  III,  departures  from  which  are,  however,  often  necessitated  by 
circumstances. 

If  the  particular  solution  thus  arrived  at  is  not  suited  to  the 
various  conditions,  a  slight  change  in  the  original  assumptions  will 
bring  one  nearer  to  the  proper  value.  In  fact,  the  more  preliminary 
calculations  that  are  made,  the  more  nearly  perfect  and  the  more 
reliable  will  be  the  final  figures;  furthermore,  it  is  always  wise  to 
make  assumptions  both  sides  of  the  accepted  value,  to  make  sure 
that  it  is  right. 

*See  Equations  1  and  2,  page  62. 
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As  these  assumptions  carry  with  them  the  selection  of  the 
ma^ietic  dimensions  of  the  machine,  it  will  be  well  to  consider  these 
here. 

TABLE  III 

Average  PI ux- Densities  in  Various  Parts  of  Continuous-Current 

Qenerators 


FLCX-DKmuTT.  in:  — 

LdNM  rcR  Squakb  Inch 

Matesial 

Armature  body 
Armature  teeth 

Air-gap 
Magnet -cores 

Magnet-yoke 

50,000  to    05,000 
125,000 

40,000  to    55,000 

75,000  to  100,000 

j  70,000  to    90,000 

\  35,000  to    50,000 

Soft  sheet  iron  or  mild  steel 
Do. 

Air 

Cast  steel  or  wrought  iron 
If  cast  steel  or  wrought  iron 
If  cast  iron 

(a)  Yoke.  In  all  machines  of  the  ring  (yoke)  type,  the  yoke 
carries  only  one-half  the  total  flux,  as  can  be  seen  by  reference  to 
Figs.  104  to  106.     The  magnetic  length  is  the  mean  length  of  path. 

(b)  Magnet-Cores.  As  each  core  carries  the  whole  flux  for  one 
pole-face,  the  entire  section  of  one  core  is  considered.  The  length 
of  the  magnetic  path  in  the  magnet-cores  is,  however,  twice  the 
length  of  one  core. 

(c)  Air-Gap.  Since  slotted  armatures  are  the  type  used  almost 
exclusively  at  present,  the  magnetic  area  of  this  portion  will  be  e<^jual 
to  the  pole-face  area.  The  total  magnetic  length  of  these  gaps  is 
taken  as  twice  the  distance  from  iron  to  iron,  measured  perpendicular 
to  the  armature  peHphery. 

(d)  Armature  Core.  Here,  also,  the  magnetic  flux  divides  into 
two  or  a  multiple  of  two  paths  (for  the  ring-yoke  design),  so  that 
the  magnetic  area  carries  only  one-half  the  flux  entering  the  arma- 
ture from  one  pole-face.  The  magnetic  section  is  also  less  than  the 
gross  section,  on  account  of  the  insulation  of  the  core-discs*  and 
the  presence  of  ventilating  ducts.f  If  the  latter  are  absent,  it  is 
usual  to  allow  10  per  cent  as  space  loss  if  the  insulation  is  varnish, 
and  15  per  cent  if  it  is  paper.  When  the  air-ducts  are  present,  25  per 
cent  may  l)e  assumcnl  for  preliminary  calculations  with  varnish  insu- 
lation, and  35  per  cent  with  paper  insulation.     The  magnetic  length 

•  Seepage  14  for  reaaon  for  Uminating  and  UuaUUng core-discs, 
t  See  page  I7I  for  design,  etc.,  of  TenUlatlog  docts. 
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is  the  length  of  the  mean  path  lying  between  the  roots  of  the  teeth 
and  the  periphery  of  the  internal  hole.* 

(e)  Teeth.  The  total  length  traversed  by  the  flux  in  this  portion 
of  the  circuit  is  equal  to  twice  the  depth  of  one  tooth.  The  width 
of  one  tooth  may  be  taken  as  the  width  at  the  root,  the  teeth  being 
generally  trapezoidal  in  shape.  The  number  of  teeth  receiving  the 
flux  from  one  pole  may  be  taken  as  the  number  lying  immediately 
under  the  pole-face,  plus  one  or  two,  depending  upon  the  allowance 
for  fringing.f  The  magnetic  area  of  the  teeth  will  therefore  be  the 
number  so  determined,  multiplied  by  the  product  of  the  mean  width 
of  one  tooth  and  the  mean  length  of  the  armature,  where  the  latter 
is  the  gross  length  minu^  the  percentage  allowed  for  insulation  and 
air-ducts.  Account  must  also  be  taken  of  the  fact  that  when  the 
teeth  are  operated  at  densities  of  100,000  lines  per  square  inch  or 
more,  part  of  the  flux  from  the  poles  will  take  the  alternative  air- 
paths  through  the  slots  to  the  armature  core,  since  at  this  high 
density  their  permeance  is  not  insignificant  compared  with  that  of 
the  teeth  themselves.  In  other  words,  the  ampere-turns  calculated 
.to  force  the  flux  through  the  teeth  alone  at  high  flux-densities  would 
be  in  excess  of  the  correct  amount. 

In  order  to  find  the  true  value  of  the  flux-density  in  the  teeth  if  we 
know  the  apparent  flux-density,  let  us  assume  that: 

oc   =  Ratio  of  net  length  to  gross  length  of  armature  core; 
fit  =  True  value  of  the  tooth  flux-density; 

bi  =  Width  of  a  tooth,  at  the  root; 
6,  =  Width  of  a  slot; 

h  =  Height  or  depth  of  a  slot; 

I   =  Net  length  of  the  armature  parallel  to  the  shaft; 
<}>^  =  Flux  entering  the  armature  from  one  pole; 
^t  =  Flux  actually  carried  by  the  teeth,  from  one  pole. 
We   then   have: 

Iron  section  of  one  tooth  =  6t  Xl. 

Air         "         "     "      slot    =  ^^. 

oc 

The  actual  space  forming  an  alternative  path  for  the  magnetic  flux, 
per  slot,  will  be  given  by  the  area  of  one  slot  (parallel  to  the  pole-face)  plus 
the  area  lost  along  one  tooth  by  insulation  and  air-ducts;  or. 


*The  "internal  hole"  is  that  portion  of  the  armature  between  the  center  and  inner 
edge  of  the  core. 

t  "Fringing"  means  spreading  of  flux  issuing  from  a  pole-shoe. 


92 


DYNAMa ELECTRIC  MACHINERY 


81 


Section  of  air-space        b,x  I  ^b%X  I 


per  slot 


_  Kbt  +h,-ccbt) 


Since  the  flux  entering  the  armature  from  one  pole  will  divide  between  the 
two  paths  inversely  as  the  reluctance  of  the  two,  we  have,  as  the  flux  in  the 
air-space, 

and  the  true  flux  in  the  teeth. 


in  which  /^  is  the  actual  permeability  of  the  teeth  when  transmitting  the 
flux  0,. 
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Fig.  100.    Apparent  and  Actual  Flux- Densities  In  Teeth. 

Dividing  the  second  equation  by  the  first,  we  obtain, 

^,  oc    b%    fi 

^^  —  ^^  "    6»  +  6.  -  «  6»    ' 

^»  (6i  +  6i  -  a  ;6t  +  flc|b.  ^)  -  0.  cc  6,  /* 

^ «  6t/* _     Bx 

♦.         6i-»-6.-«6»  +  or6,Ai  ^. ' 

Taking  this  last  equation,  and  substituting  for  oc  0.75  (a  common  value),  and 
various  ratios  for  b%-^ht,  we  obtain  the  curves  given  in  Fig.  109,  by  assuming 
various  values  for  B,,  finding  the  corresponding  values  of  the  permeability 
from  Fig.  110,  and  then  calculating  B*.  If  other  values  of  oc  are  used  and 
greater  accuracy  is  desired,  where  the  actual  B-H  curve  of  the  material  of 
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the  teeth  is  known,  these  new  quantities  should  be  placed  in  the  equation 
given  above,  and  new  curves  drawn. 

Example  of  Calculation.  In  order  that  the  foregoing  rules  may 
be  clearly  understood,  and  to  exemplify  the  use  of  the  curves  and  the 
method  of  calculation,  we  shall  take  a  concrete  case  of  dynamo 
design.  In  Fig.  Ill  is  given  a  dimensioned  sketch  of  a  modem  six- 
pole  continuous-current  generator  having  a  capacity  of  about  200  kw. 
Assuming  that  12,500,000  lines  are  required  to  produce  the  rated 
e.  m.  f.  in  the  armature,  let  us  calculate  the  ampere-turns  per  pair 
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Fig.  110.    Magnetization  Curves  at  Very  High  Densities. 

of  poles  to  produce  this  flux  in  the  armature.  From  Table  II, 
V  =  1.11  approximately,  and  the  data  of  the  magnetic  circuit  around 
path  A  or  path  .B  is : 


Part 

Matebial 

Total  Flux 

Yoke 

Pole-cores 

Cast  steel 
Cast  steel 
Cast  steel 
Air 

Sheet  steel 
Sheet  steel 

6,937,500 
13,875,000 

Pole-shoes 

13,875,000 

Air-caD 

12,500,000 

Armature  teeth 

Armature  core 

12,500,000 
6,250,000 

We  now  estimate  the  magnetic  lengths  and  areas  as  follows: 

Yoke.    From  Table  III,  we  assume  the  flux-density  =  65,000; 
hence  the  cross-section  of  the  yoke  is 

6,937,500  -*-  65,000  =  approximately  105  sq.  in.  =  A^. 

Consequently  the  dimensions  of  the  yoke  would  be,  say,  6  in.  by  17.5 
in.,  making  the  actual  flux-density  in  the  yoke, 

B,  =  6,937,500  -f-  105  =  65,200  lines  per  sq.  in. 
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The  length  of  magnetic  path,  scaled  off  from  the  drawing,  is 

/y  -  55  in. 

Magnet-Cores.  Assuming,  from  Table  III,  the  flux-density  in 
the  teeth  as  85,000  lines  per  sq.  in.,  we  have  as  the  required  area  of 
cross-section  of  the  magnet-cores, 

13,875,000  -«-  85,000  -  163.2  sq.  in. 


SectiooO-Y 


Fig.  111.    Part  of  Magnetic  Circuit  of  a  Six-Pole  Machine. 


Selecting  a  circular  section  for  the  pole-cores,  let  us  assume  a  diameter 

of,  say,  14.25  inches,  as  giving  an  area  of  cross-section  nearest  to  that 

above  computed.    This  gives: 

i4ai  —  159.5  sq.  in.,  and 

„        13,875,000       o^«AAi- 

"  —  igQ  K —  "  87,000  lines  per  sq.  in. 

The  length  of  magnetic  path  in  the  pole-cores  is  twice  the  length 
of  one;  so  that, 

/m=  2  X  15  =  30  in. 

Pole-Shoes.   These  are  cast-steel  extensions  affixed  to  the  magnet- 
cores  to  increase  the  air-gap  area.    The  mean  area  of  each  shoe  is. 


10  that, 


A,  —  197.5  sq.  in.; 


n        13.875,000       _-.  .^ ,. 

^»  "■  — toT  K —  "  70,400  lines  per  sq.  in. 


The  mean  length  of  magnetic  path  per  shoe  is  2.75  in.     Hence 
we  have, 

^  -  2  X  2.75  -  5.5  in. 
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Air-Gaps.    The  magnetic  area  of  the  air-gap  being  the  area  of 
the  pole-face,  we  have  it  equal  to  300  sq.  in.     Hence 

B,  -  12,500,000  H-  300  -  41,700  lines  per  sq.  io. 

The  magnetic  length  through  air  in  path  A  or  B  is  twice  the 
length  of  an  air-gap;  that  is, 

/,  -  2  X  0.3  in.  -  0.6  in. 

Armature  Teeth.     The  iron  area  of  the  28  teeth  acted  upon  by 
one  pole,  if  the  width  of  one  tooth  at  its  root  is  0.326,  is : 
At  -  0.326  X  28  X  14.25  X  0.76  -  97.4  sq.  in. 

Therefore, 

12  "lOO  000 
Bi  —  — '    -  ' —  128,500  "apparent"  lines  per  sq.  in. 

Referring  to  Fig.  109,  we  see,  since  a  tooth  is  as  wide  as  a  slot,  that 
Bx  =  124,200  actual  lines  per  square  inch  in  the  teeth. 
For  the  magnetic  length,  we  have, 

U  -  2X  1.5  -  3.0  in 

Armature  Core.    The  magnetic  area  is 

i4e  -  9  X  14.25  X  0.75  -  96.3  sq.  in 


Hence, 


Be 


h  X  ^^'^^  -  65,000  lines  per  sq.  in., 


as  the  flux  divides  and  takes  two  paths  through  the  armature  core. 
The  mean  length  of  the  magnetic  path  as  obtained  from  the 
'drawing,  is: 

ie  -  33  in. 

The  preceding  data  may  now  be  tabulated  as  follows: 


Past 

MAONmc  A»rA 

Bis 

LsNa-ni  or 

ot  8«.  In. 

L4NK8  rca  Sq.  In. 

Path  in  In. 

Yoke 

Cast  Steel 

105 

65,200 

55 

Pole-core  (1) 

II              41 

159.5 

87,000 

15 

Pole  shoe  (1) 

<l              << 

197.5 

70,400 

2.75 

Air-gap  (I) 
Arm.  Teeth 

Air 

300 

41,700 

0.3 

Sheet  steel 

97.4 

128.500 

1.5 

Arm.  Core 

II       i< 

96.3 

65,000 

33 

By  reference  to  the  magnetization  cun'es  (Fig.  112),  the  ampere- 
turns  per  inch  of  length  for  the  various  materials  at  the  flux-densities 
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determined  may  be  found,  and  the  ampere-turns  for  total  length  of 
path  computed.     The  results  may  then  be  tabulated  as  follows: 


Part 

FLCx-DENsmr 

IN  Lines  per 

8q.  In. 

Ampere-Turns 

PER  In.  Length 

OK  Magnetic 

Path 

Length  of  Path 
IN  Inches 

Ahperb- 
torns  for 
Total  Path 

Yoke 

Pole-cores  (2) 
Pole-shoes  (2) 
Air-gaps  (2)* 
Arm.  Teeth  (2) 
Arm.  Core 

65,200 
87,000 
70,400 
41,700 
128,500 
65,000 

12                          55]                                  661 

21.5                     30                                 645 

13.5                       5.5                               75 

13,080                          0.6                          7,745 

589                          3                             1,767 

8            j           33                                 264 

Ampere-turns  per  pair  of  poles,       11,157 

Coil  Winding  Calculations.  In  series  field-coils  the  whole  of  the 
external  current,  or  a  definite  part  of  it,  is  used  for  the  production 
of  a  m.  m.  f.,  so  that  the  number  of  turns  of  wire  or  strip  is  found 
by  dividing  the  requisite  number  of  ampere-turns  at  any  given  load 
by  this  current.  Furthermore,  this  wire  or  conductor  must  be  of 
sufficient  size  to  carry  safely,  efficiently,  and  without  overheating, 
the  given  current.  The  series- wound  generator  is  at  present  in 
general  use  for  arc-lighting  machines;  and  as  the  current  in  this  case 
is  usually  about  10  amperes,  it  has  been  found  by  experience  that, 
depending  upon  the  depth  of  the  winding,  No.  10  or  No.  8  B.  &  S. 
gauge  wire  are  the  correct  sizes  to  use. 

If  the  machine  were  to  be  separately  excited,  it  is  probable 
that  the  e.  m.  f.  of  the  exciter  would  be  specified,  and  we  should 
have  practically  the  shunt  case.  If,  however,  the  current  were  given, 
the  determination  would  be  the  same  as  in  the  case  of  the  series 
winding  above. 

Shunt  Winding  Calculations.  The  determination  of  the  best 
size  of  wire  for  a  shunt  winding  is  far  more  difficult  than  for  a  series 
one,  in  that  merely  the  ampere- turns  and  the  voltage  applied  to  the 
terminals  of  the  coil  are  given,  while  the  space  allotted  to  the  winding 
and  the  heating  limits  must  be  kept  within  definite  bounds.  Various 
methods  have  been  suggested,  but  none  are  very  satisfactory.  One 
of  the  simplest  is  as  follows:    The  temperature  of  the  field  coils  for 

*In  computing  ampere-turns  per  inch  length  of  the  air-gap,  it  must  be  remembered 
that  for  air  /u.  =  i ;  so  that  la  inch- units  we  have, 

ITg  =  0.3133  X  -Bg  X  ?g  . 
The  number  0.3183  Is  called  the  gap-coefficient,  and  represents  the  number  of  ampere-turns 
per  Inch  length  of  path,  requisite  for  a  flux-density  of  one  line  per  square  inch  In  air. 
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continuous  operation  at  rated  load  may  be  assumed  to  be  75°  C. — 
that  is,  a  50°  C.  rise  above  a  room  temperature  of  25°  C.  At  this 
temperature  the  resistance  of  a  mil-foot  of  copper  wire  (that  is,  a 
wire  one  foot  long  and  0.001  inch  in  diameter)  is  12.56  ohms.     Hence, 

^^  12.56  X  / 
Circ.  mils 

in  which  /  is  the  length  of  the  conductor  in  feet,  and  "Circ.  mils"  is 
the  area  of  cross-section  in  circular  mils,  which  is  equal  to  the 
diameter  in  mils  squared.  The  current  traversing  the  wire  when  a 
voltage  V'  is  applied  at  its  terminals,  is, 

-      V*   X  Circ.  mils 
12.56  X  / 

It  is  also  evident  that  the  ampere-turns  in  any  winding  are  numerically 

equal  to  the  amperes  that  would  result  if  a  single  turn  of  wire  were 

supposed  to  be  subjected  to  the  given  voltage,  because  two  turns 

would  have  twice  the  resistance  and  would  take  one-half  the  current; 

and  so  on  for  any  number.     Hence, 

V  X  Circ.  mils 
Ampere-turns ^^^^^^       , 

in  which  /  represents  the  mean  length  of  one  turn  in  feet.  By  trans- 
position we  obtain  the  cross-section  of  the  wire  required — that  b: 

_.          .,        Ampere-turns  X  /  X  12.56 
Circ.  mils  «- yi • 

Example.     An  8-pole   150  kw.  shunt  generator  required  808 

ampere-turns  per  pair  of  poles  when  its  terminal  voltage  was  115. 

The  poles  were  9}  inches  wide,and  10  inches  long  parallel  to  the  shaft 

Allowing  a  depth  of  winding  of  about  2  inches  and  a  spool  thickness 

of  about  i  inch,  the  mean  length  of  one  turn  would  be  nearly  50.5 

inches,   the  poles  being  rectangular.     Then,  at  rated  voltage,   V 

per  pair  of  field-exciting  coils  is  115  -i-  4  =  28.75  volts,  and  we  have: 

^.          .,        808  X  50.5  X  12.56       .-q-^ 
Circ.  mils 23-75 "  17,850. 

Referring  to  a  wire-gauge  table,  we  see  that  the  wire  having  an  area 
of  cross-section  in  circular  mils  nearest  this  figure  is  No.  7  B.  &S.,  for 
which  circ.  mils  =  20,820. 

In  applying  the  above  formula  to  the  shunt  winding  for  a 
dynamo,  allowance  must  be  made  for  the  resistance  of  the  rheostat 
which   is   usually  put  in  the  sliunt  circuit  to  regulate   the  e.  m.  f. 
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This  resistance  will  consume  from  20  to  30  per  cent  of  the  no-load 
voltage;  and  the  value  of  V  to  be  substituted  in  the  formula  should 
therefore  be  a  corresponding  amount  lower,  unless  the  rated  load 
voltage  be  used.  In  this  case  the  resistance  of  the  rheostat  is  deter- 
mined by  the  resistance  which  it  is  necessary  to  add  to  that  of  the 
field-winding  in  order  to  keep  the  generated  e.  m.  f.  at  the  proper 
point  for  all  other  loads. 

Space-Factor.  In  all  cases  where  insulated  conductors,  whether 
strip  or  wire,  are  used,  the  space  taken  up  by  the  conductor  proper 
is  always  a  fraction  of  the  whole  space  occupied  by  the  entire  wind- 
ing. This  fraction  will  obviously  depend  upon  the  shapes  of  the 
conductors  and  the  space  set  apart  for  the  winding,  and  also  upon 
the  thickness  of  the  insulation.     The  ratio  of  net  cross-sectional 


Pig.  113.    Square  Order  of  Bedding. 


Fig.  114.    Hexagonal  Order  of 
Bedding. 


area  of  copper  in  any  such  space  to  the  gross  section,  is  called  the 
space- factor. 

In  winding  bobbins  for  field-magnet  coils,  the  space-factor 
depends  largely  upon  whether  square  or  round  wire  is  used.  If  the 
former,  the  space  wasted  is  less,  and  the  heating  of  the  coil  is  reduced 
(for  a  given  number  of  turns  carrying  a  given  current,  etc.),  since  there 
is  less  cross-section  filled  with  air  or  insulation,  either  of  which  is  a 
bad  conductor  of  heat.  If  round  wires  are  used  (as  is  generally  the 
practice),  the  space-factor  will  be  determined  chiefly  by  the  ratio 
between  the  relative  thicknesses  of  the  wire  and  its  insulation,  and 
also  by  the  partial  bedding  of  one  layer  of  wires  between  those  of 
the  layer  below. 

Suppose  the  round  wires  to  be  wound  so  as  to  lie  in  the  square 
order  without  any  bedding,  as  in  Fig.  113.  Then,  if  the  diameter  of 
the  bare  wire  is  d,  and  tfc '  insulated  diameter  is  d^,  the  ideal  space- 
factor  would  be: 
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0.7854 


because  the  area  of  each  small  circle  is  tr 


d} 


(21) 

=  0.7854  <f ,  and  the 


area  of  the  small  square  enclosing  each  outer  circle  is  d\.  Suppose, 
however,  an  extreme  case  of  l)ed(Jing,  as  in  Fig.  114,  where  the  wires 
lie  in  hexagonal  order.  By  similar  reasoning,  the  space-factor  would 
then  be: 

<r  -  0.906  ^ . 

If  rectangular  strip  is  used,  there  is  no  bedding,  and  no  wasted 
space  except  where  the  end  of  one  layer  of  a  coil  extends  to  the  layer 
above.  If  the  area 
of  cross-section  of 
the  bare  conduc- 
tor is  ah,  and  the 
area  of  the  same, 
insulated,  is  a'  6', 
the  space-factor  is 
simply  afc  -T-  o'  6'. 
In  practice  it  has 
been  found  that 
edge-wound  strip 
gives  the  highest 
space-factor,  rang- 
ing from  0.83  to 
0.93. 

In     practice, 

with  round  wires,  it  is  found,  howp'er,  that  even  the  most  experi- 
enced winders  produce  a  bedding  of  seldom  over  3  per  cent;  so 
that  the  safest  course  is  to  assume  no  bedding,  and  to  take  the  space 
factor  as  given  above  unless  it  is  actually  known. 

Some  actual  figures  have  been  put  into  graphical  form  by  Dr. 
S.  S.  IMieeler,  and  these  are  given  in  Fig.  115.  Here  the  full  lines 
represent  the  values  by  the  formula  assuming  the  square  order;  and 
the  broken  lines,  the  observed  values.  It  is  seen  that  the  larger  sizes 
of  wire  do  actually  bed  a  little,  while  with  smaller  sizes  the  bedding 
is  negative. 
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Fig.  116.    Connections  of  Field-Magnet 
Colls. 


Connections  of  Exciting  Coils.  It  is  the  almost  invariable  custom 
to  connect  all  the  field-magnet  exciting  coils  of  the  same  type  in  series 
with  each  other,  so  that  the  magnetizing  current  is  the  same  through- 
out. Then,  if  the  number  of  turns  per  spool  is  the  same,  the  flux 
per  pole  will  be  uniform.     They  must  also  be  connected  up  so  as  to 

produce  alternate  north  and  south 
poles,  so  that  if  all  the  coils  are 
wound  in  the  same  direction,  and 
similarly  placed,  the  connections 
will  come  alternately  at  the  yoke- 
end  and  the  pole-face  end  of  the 
bobbin,  as  in  Fig.  116. 
Excitation  Losses.  Having  computed  the  resistance  of  the 
shunt  winding  (rgh)  by  the   previously  explained  method,  we  have 

V  V^ 

—  X  V  =  —  as  the  watts  actually  expended  in  the  shunt  field- 

coils,  V  being  the  terminal  voltage  of  the  generator.  To  this  loss 
must  be  added  the  one  in  the  shunt-regulating  resistance,  and  also 
the  loss  in  the  series-regulating  coils,  if  any,  in  order  to  give  the 
total  watts  required  in  excitation.  For  shunt-wound  machines,  the 
watts  required  in  excitation  vary  in  practice  from  1  to  8  per  cent 
or  more  of  the  output,  depending  upon  the  capacity  of  the  machine. 
As  a  guide  in  this  direction,  Table  IV  has  been  constructed,  giving 
the  maximum  permissible  excitation  losses. 

TABLE  IV 
Excitation  Losses 


OtJTPOT  OF  Machine  in  Kilowattb 

Excitation  Losses  in  per  cent  of  Rated 
Load  Output 

5 

6 

10 

5 

20 

4 

30 

3.5 

60 

3.0 

100 

2.75 

200 

2.50 

300 

2.25 

500 

2.00 

1,000 

1.75 

2,000 

1.50 

Heating  of  Magnet-Coils.    The  heat  developed  in  field-magnet 


102 


DYNAMO-ELECTRIC  MACHINERY  91 

coils  is  dissi|)ated  in  two  ways:  It  is  either  carried  by  conduction 
through  the  copper  and  the  insulation,  and  then  by  radiation  and 
convection  to  the  outer  air,  or  it  is  conducted  to  the  iron  portions  of 
the  machine  nearby  and  radiated  off  by  these.  In  either  case  the 
amount  of  heat  produced  in  the  coil  is  equal,  in  watts,  to  the  product 
of  the  resistance  and  the  square  of  the  current,  while  the  rate  at 
which  the  heat  is  lost  cannot  be  very  accurately  calculated. 

In  order  to  compute  the  temperature  which  a  field-coil  finally 
reaches,  let  u'm  =  watts  wasted  in  field-coils  at  rated  load  of  machine; 

A'ta  -  Radiating  area  of  all  the  bobbins,  in  square  inches: 
^ni  ~  Final  temperature  rise  above  surrounding  air  (usually 
50°  C). 


Then 


So  that, 


or, 


dm  ocu;.. 


Wm 


"a- 


where  A  is  a  constant  depending  upon  the  depth  of  the  winding,  upon 
the  cooling  action  due  to  the  armature  rotation,  and  upon  the  con- 
dition of  the  surrounding  air.  It  is  the  temperature  above  that  of  the 
sorrounding  air  to  which  the  coil  would  be  raised  if  radiating  1  watt 
per  square  inch. 

Experience  has  shown  that  a  certain  rise  in  temperature  b 
allowable,  this  being  usually  put  at  50°  C.  or  90°  F.  above  the  tem- 
perature of  the  surrounding  air.  Tests  have  also  demonstrated  that 
this  rise  in  temperature  is  not  usually  exceeded  if  a  certain  surface 
of  coil  is  allowed  for  each  watt  converted  into  heat.  The  difficulty 
in  fixing  this  is  due  to  the  way  in  which  the  heat  is  dissipated,  as 
Ix'fore  noted.  Also,  authorities  differ  in  regard  to  what  surface 
shall  be  considered  as  radiating,  in  some  cases  going  so  far  as  to  count 
only  the  external  cylindrical  surface  of  the  coil.  As  a  matter  of  fact, 
the  internal  surface  of  the  coil,  next  to  the  poles,  usually  dissipates 
more  heat  in  a  given  time  than  the  external  surface,  so  that  the  total 
area  should  be  reckoned.    This  may  be  done  by  assuming  a  proper 
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value  of  h,  which,  according  to  W.  B.  Esson,  is  about  55  and  accord- 
ing to  Esterline  83,  for  ordinary  bobbins;  or  by  relying  upon  the 
experimental  results  given  in  Table  V.  Esson,  in  using  this  figure, 
counts  as  radiating  surface  only  the  external  heat-radiating  area, 
and  not  the  end  flanges  and  internal  surfaces.  Esterline  includes 
in  the  radiating  surface  the  external  and  internal  areas  and  the 
flanges,  counting  the  last  two  as  radiating  only  one-half  as  much  as 
a  corresponding  external  area. 

ARMATURE    WINDINGS 

Armature  conductors — or  inductors ,  as  they  are  sometimes  called — 
are  almost  universally  made  of  copper.  Their  arrangement  upon  the 
armature,  and  the  order  in  which  they  are  connected  together  to 
form  a  complete  winding,  constitute  one  of  the  most  involved  sub- 
jects in  the  design  of  dynamo-electric  machinery. 

Classification.  Armature  windings  may  be  classified  according 
to  the  way  the  conductors  are  placed  upon  the  armature  core,  as 
follows: 

Ring  Windings,  in  which  the  conductors  are  placed  upon  a  ring-shaped 
core,  passing  through  the  interior  of  the  ring  in  the  form  of  a  helix,  and 
hence  sometimes  called  helical  windings. 

Drum  trindings,  having  the  conductors  wound  entirely  upon  the  surface, 
or  in  slots  upon  the  surface,  of  a  cylindrical  core. 

Ditc  windings,  where  the  conductors  are  arranged  in  a  plane  like  the 
spokesof  a  wheel.the  connections  being  similar  to  those  in  drum  armatures. 

Of  all  these  types,  the  drum  is  almost  exclusively  used  at  the 
present  time  for«the  armature  windings  of  continuous-current  ma- 
chines, since,  in  contradistinction  to  the  ring  winding,  there  are  no 
internal  return  conductors  to  increase  the  amount  of  armature  copper 
needed,  and  for  the  greater  reason  that  formed  coils  are  applicable, 
greatly  reducing  the  first  cost  and  facilitating  insulation  and  repairs. 
A  dnmi  armature  partly  wound  with  formed  coils  is  illustrated  in 
Fig.  117. 

Besides  this  grouping,  we  may  also  divide  windings  into  closed- 
coil  and  open-coil  types,  depending  upon  whether  the  winding  con- 
stitutes a  closed  or  an  open  circuit.  Closed-coil  armatures  are  in 
almost  general  use  for  direct-current  machines,  since  they  give  a 
steadier  current  and  spark  considerably  less  than  the  open-coil  type. 
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The  latter  are  used  for  direct-current  arc-lighting  machines  and  for 
star-wound  alternators. 

Armature  Coil. — Element  of  Winding.  A  winding  element,  sec- 
tion, or  coil  is  that  portion  of  an  armature  winding  which  terminates 
at  two  commutator  bars.  In  its  simplest  form  it  consists  of  two 
armature  conductors  (in  drum  windings),  with  the  necessary  end 
connections,  so  that  the  maximum  number  of  armature  coils  is  equal 
to  one-half  the  number  of  armature  conductors.  In  ring  windings, 
an  element  may  consist  of  only  one  armature  conductor,  the  internal 
return  portion  being  inactive  (that  is,  cutting  no  flux)  and  therefore 


Fig.  117.    Showing  Method  of  Winding  and  Applying  Formed  Colls 
for  ail  Armature  Core. 

serving  as  an  end  connector.  Such  an  element  may  also  consist  of 
2  or  2n  armature  conductors  in  series  for  drum  windings,  or  of  n 
armature  conductors  in  series  for  ring  windings,  where  n  is  an  in- 
teger; but  this  affects  only  the  e.  m.  f.  generated  by  the  coil,  the 
end  connections  of  the  section  as  a  unit  remaining  unchanged. 
Similarly,  the  resistance  of  an  element  may  be  reduced  by  connecting 
several  conductors  in  parallel;  but  this  also  does  not  affect  the  end 
connections  of  the  coil  as  an  element  of  winding;  it  merely  increases 
the  current-carrying  capacity.     In  either  case  the  method  of  winding 
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is  not  altered  by  putting  more  tunis  of  wire  in  series  or  in  parallel  in 
each  section. 

The  whole  theory  of  armature  winding  may  therefore  be  said 
to  resolve  itself  into  a  study  of  end  connections;  and  in  discussing 
drum  windings,  we  shall  consider  an  element  consisting  of  two  arma- 
ture conductors  with  their  end  connections  only. 

Possible  Number  of  Commutator  Bars.  We  have  seen  that  at 
each  end  of  a  section  of  winding  there  is  a  commutator  bar.  In  the 
simplest  form  of  ring-wound  arma- 
ture, each  element  of  the  winding 
contains  only  one  armature  conduc- 
tor, so  that  the  maximum  number 
of  commutator  bars  is  Z,  the  rest 
of  each  element  being  equivalent 
to  an  end  connection.  The  num- 
ber of  commutator  bars  in  a  ring 
winding  may  also  be  less  than  7j 
(where  7,  =  the  number  of  armature 
conductors);  but  in  any  case  it  is 

— ,  where  m  is  1   or  an  integer 
m 

factor  of  Z. 

In  closed-coil  drum  windings, 

Kt    the    number    of    commutator 

Z 

bars,  has  for  its  maximum  value  -„- 


Fig.  118.    Modification  of  Ring  Winding 
to  Form  a^rum  Wlndins. 


,  and  it  may  be  ,r— ,  for  a  drum- 

wound  armature  cannot  have  adjacent  conductors  connected  to 
separate  commutator  segments  and  be  a  closed-coil  winding.  If  each 
alternate  armature  conductor  in  a  drum  winding  be  considered  as  the 
return  of  its  neighbor,  the  equivalent  ring  winding  would  be  as  indi- 
cated by  coil  in  Fig.  118,  and  we  then  see  that  the  armature  would  be 
short-circuited. 

Field  Step.  In  ring  windings,  the  coils  are  wound  around  the 
armature  core,  so  that  they  pass  throu^  its  interior;  but  in  drum 
windings  the  armature  conductors  are  laid  in  slots  on  the  surface  of 
the  core,  and  do  not  pass  through  the  interior.  It  is  plain,  in  the 
latter  case,  that  unless  one  of  the  conductors  of  a  section  is  cutting 
flux  under  a  south  pole  at  the  same  time  that  the  other  armatiire 
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conductor  of  the  same  section  is  cutting  flux  under  a  north  pole, 
either  the  coil  will  not  be  working  at  maximum  efficiency  (in  which 
case  only  one  conductor  will  be  cutting  flux),  or  both  armature  con- 
ductors will  be  under  poles  of  like  polarity  at  the  same  instant  so 

that  the  e.  m.  f.  gen- 
erated in  one  will 
tend  to  equalize 
that  in  the  other. 
Hence,  in  practice, 
we  have  one  con- 
ductor of  an  ele- 
ment under  a  south 
pole  at  the  instant 
that  the  other  is 
under  a  north  pole, 
in  which  case  the 
e.  m.  f.'s  generated 
by  the  two  coils  are 
additive.  It  is  also 
universal  to  have 
the  step  or  spacing 
from  one  armature 
conductor  to  the  next  of  that  section,  nearly  equal  to  the  distance 
between  the  centers  of  adjacent  unlike  poles;  but  windings  could  be 
devised  in  which  the  step  so  made  from  one  conductor  to  the  next 
would    be    to    the 

"bed 
Q 


Pig.  119.  J  Ring  Winding  for  4-Pole  Machine. 
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region  of  a  more 
distant  pole;  in  that 
case,  however,  the 
end  connections 
would  be  unduly 
long. 

Pitch  of  Wind- 
ing. The  pitch  or 
spacing  of  a  wind- 
ing denotes  the  distance  from  one  inductor  of  the  winding  to  the  next 
inductor  in  the  succession;  and  it  is  usual  to  express  it  in  terms  of  the 
number  of  inductors  spanned  over.     In  order  to  see  more  clearly  what 


Fig.  120.    Development  of  Ring  Winding  for  4-Pole  Macblne. 
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Pig.  131.    Series-Connected IWave-Wound  Ring  Armator*. 
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Fig.  124.    Development  of  Winding  Shown  In  Fig.  128. 
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is  meant,  let  us  suppose  that  the  inductors  around  a  certain  drum 
winding  are  numbered  consecutively  from  1  up.  If  it  is  further 
assumed  that  inductor  1  is  joined  at  the  front  end  to  inductor  IG 
to  form  a  loop,  and  that  16  is  joined  at  the  rear  to  31  to  form  a  similar 
loop,  the  pitch  at  both  ends  would  be  15.  Had  1  been  joined  to  18 
at  the  front  end,  and  18  to  3.  at  the  rear  end,  then  3  to  19  at  the  front 
end,  the  front  pitch  would  be  yr  =  +  17,  the  back  pitch  yb  =  -15, 
the  average  pitch  16,  and  the  resultant  pitch  2. 

Ring  Windings.  Ring  windings  may  be  dividetl  into  two  classes; 
the  spirally  wound  ring,  shown  in  Figs.  119  and  120,  and  the  series, 
connected  wave-wound  ring,  shown  in  Figs.  121,  122,  123,  and  124  for 
two  methods. 

The  first  type,  forming  in  itself  a  single  closed  helix,  is  unaffected 
by  the  number  of  poles;  by  merely  placing  2p  sets  of  brushes  on  the 
surface  of  the  commutator  at  equal  distances  apart,  the  winding  is 
at  once  divided  into  as  many  equal  and  symmetrical  paths  through 
the  armature,  and  we  have  c  —  p.  A  multipolar  armature  is  thus 
obtained,  having  as  many  parallel  circuits  and  as  many  points  of 
collection  of  the  current  as  there  are  poles.  The  equation  of  the 
e.  m.  f.  of  such  a  multipolar  parallel-wound  or  midtiple-circuit  arma- 
ture is  similar  to  that  for  a  bipolar  machine ;  that  is, 

Z  X  p  <t>X  r.  p.  m.        Z  X  ^  X  r.  p.  m. 
^"        60XlO»Xc        "  60X10« 

since  c  =  p.  This  multipolar  winding  has  greater  current-carrying 
capacity  than  the  bipolar,  since  there  are  more  paths  in  parallel, 
the  multipolar  winding  being  therefore  equivalent  to  several  bi{x>lar 
dynamos  in  parallel,  just  as  the  bipolar  machine  was  shown  to  be 
equivalent  to  two  sets  of  cells  in  parallel  (Fig.  48). 

As  in  a  bipolar  machine,  there  are  two  points  on  the  commutator 
w^herc  the  e.  m.  f.  is  zero — i.e.,  where  proper  commutation  may 
occur — so  there  will  be  p  points  in  a  multipolar  parallel-connected 
ring  winding  where  the  current  is  commutated,  and  p  brushes  will 
be  needed.  If,  however,  the  increased  number  of  points  of  collec- 
tion be  regarded  as  a  disadvantage,  they  may  again  be  reduced  to 

two,  by  joining  all  commutator  bars  which  are  situated  360  -^   ^ 

degrees  apart,  so  that  sectors  which  are  at  any  moment  at  the  same 
voltage  are  connected  together.    Thus,  in  a  four-pole  macliine,  each 
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commutator  bar  must  be  connected  to  that  which  is  diametrically 
opposite,  and  there  is  a  choice  between  two  positions  for  the  brushes 
at  right  angles  to  one  another.  In  a  six-pole  machine,  each'  cross- 
connection  must  unite  three  sectors  situated  120°  apart,  and  the 
brushes  may  be  either  60°  or  180°  apart;  in  an  eight-pole  machine,  four 
sectors  90°  apart  must  be  joined,  and  the  brushes  may  be  either  45° 
or  135°  apart.    Thus  we  see  that  in  general  the  angle  between  the 

brushes  of  unlike  sign  may  be  180°  -r-  \^  or  any  uneven  multiple  of 

this  angle.  The  commutator  connections  for  a  four-pole  cross-con- 
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Fig.  125.    Commutator  Connections  for  a  4-Pole  Gross-Connected  Winding. 

nected  winding  of  the  type  described,  are  shown  in  Fig.  125,  while 
Fig.  126  illustrates  the  same  for  a  six-pole  machine.  When  thus  cross- 
connected,  the  commutator  must  be  made  p  -r-  2  times  as  long  as 
before,  in  order  to  provide  sufficient  surface  of  contact  to  collect 
the  current  by  the  two  sets  of  brushes;  also,  the  number  of  com- 
mutator segments  musfbe  divisible  by  p. 

In  the  multipolar  ring  winding  of  Fig.  119,  each  pole  corresponded 
to  one  circuit  through  the  armature,  the  total  number  of  circuits 
being  therefore  equal  to  the  number  of  poles.  It  is  also  possible  to 
add  together  the  inductive  effects  of  two  or  more  poles,  so  that  the 
e.  m.  f.'s  produced  by  one-half  the  inductors  on  the  armature  are 
summed  up  in  series.    The  winding  will  then  have  two  paths  in 
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parallel,  whatever  the  number  of  poles.  This  is  called  a  series- 
vxmnd  or  tuxhcircuit  armature.  Ring  windings  of  this  kind  are  not 
used  in  practice,  so  that  they  need  not  be  further  considered.  Series- 
wound  or  two-circuit  drum  windings  are  of  practical  importance, 
and  will  be  described  later. 

Forms  of  Drum  Windings.  Closed-coil  drum  windings  are  of 
two  forms,  known  as  lap  windings  and  wave  windings  respectively, 
and  so  called  from  the  manner  of  connecting  the  ends  of  the  inductors 
to  form  a  section.     In  the  bipolar  type,  there  is  no  essential  difference 
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Pig.  138.    Commutator  Connections  for  »  0-Pole  Cross-Connected  Winding. 

between  the  two  forms;  but  when  applied  to  multipolar  machines, 
the  divergence  is  marked. 

A  simple  (simplex)  lap  winding,  Fig.  127,  gives  as  many  circuits 
through  the  armature  as  there  are  poles,  whence  it  is  similar  to  a 
parallel-wound  ring  armature.  On  the  other  hand,  a  simplex  wave 
winding,  Fig.  128,  always  gives  2  paths  through  the  armature,  irre- 
spective of  the  number  of  poles. 

It  is  seen,  therefore,  from  the  fundamental  formula  for  the 
e.  m,  f.  of  a  dynamo  (page  62),  that,  for  a  given  number  of  armature 
inductors,  a  wave  winding  will  give  more  voltage  than  a  lap  winding 
in  a  multipolar  field.  The  latter,  however,  will  give  a  greater  number 
of  paths  in  parallel  through  the  armature,  thus  increasing  its  current 
capacity. 
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The  distinction  between  the  two  windings  arises  in  the  follow- 
ing manner.  Since  the  inductors  that  are  passing  a  north  pole 
generate  an  e.  m.  f.  in  one  direction,  and  those  passing  a  south  pole 
are  generating  an  e.  m.  f.  in  the  opposite  direction,  it  is  clear  that 
an  inductor  in  one  of  these  groups  should  be  connected  to  one  in  a 
nearly  corresponding  position  in  one  of  the  other  groups,  so  that  the 
current  may  flow  down  one  and  up  the  other  in  agreement  with  the 
directions  of  the  e.  m.  f.'s.  If,  now,  we  examine  Fig.  127,  we  see 
that  at  the  back  of  the  armature — that  is,  the  end  distant  from  the 
commutator — each  inductor  is  connected  with  the  one  five  spaces 
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Pig.  127.    Typical  Simplex  Lap  Winding,  and  Winding  Table  for  Same. 

further  on,  or  the  pitch  at  the  back  is  5.  At  the  front  end  of  the 
winding,  after  winding  one  element — as,  for  instance,  e-9-14-/ — a 
second  element  /-11-16-gr  is  formed,  which  laps  over  the  first;  and 
so  on  completely  around  the  winding.  In  the  wave  winding  illus- 
trated in  Fig.  128,  however,  the  case  is  different.  The  connections 
at  the  rear  end  remain  as  in  the  preceding  winding;  but  at  the  com- 
mutator end,  instead  of  lapping  back  toward  the  point  from  which  it 
started,  the  connection  turns  the  other  way — as,  for  example, 
c-5-10-^.  This  results  in  a  winding  that  advances  in  a  sort  of 
zigzag  path;  hence  its  name. 

Lap  Windings.  Fig.  127  illustrates  a  simplex  or  single  lap 
winding,  since  the  terminals  of  an  element  are  connected  to  adjacent 
commutator  bars.  Following  through  this  winding  and  starting 
at  segment  o,  we  pass  along  conductor  1  to  the  rear  of  the  armature, 
then  by  an  end  connection  skip  over  to  conductor  6,  which  leads  to 
commutator  bar  b.     From  that  point,  conductor  3  leads  again  to  the 
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rear,  and  is  there  connected  to  8,  which  brings  us  back  to  bar  c. 
Following  on  in  this  manner  to  bar  i  by  conductor  2,  and  from  here 
via  conductor  17,  we  finally  reach  bar  a  through  4,  thus  closing  the 
winding  on  itself  without  traversing  each  conductor  more  than  once. 
Calling  the  inter\'al  between  the  conductors  connected  at  the  rear 
of  the  armature  the  back  pitch  (yb).  and  the  inten-al  between  those 
connected  together  at  the  front  end  the  front  pitch  {yt),  we  see  that 
for  this  winding,  yb  =  +  5;  and  yt  =  -3.  The  average  pitch,  being 
half  the  arithmetical  sum  of  the  front  and  back  pitches,  is  y»T  =  4; 
while  the  resultant  pitch  \s  y^  =  -\-  2,  being  the  algebraic  sum  of 
the  front  and  back  pitches. 

Considering  only  the  case  in  which  each  element  or  section  of  the 
winding  is  a  single  loop,  the  number  of  such  sections  will  be  Z  -h  2; 
the  number  of  sections  (which  is  the  same  as  the  number  of  resultant 
steps  if  multiplied  by  the  length  of  each  resultant  step)  will  equal 
the  total  travel  of  the  winding.  This  will  be  equal  to  Z  if  the  whole 
winding  must  be  traversed  before  closing  upon  itself.  If,  however, 
only  one-half  or  one-third  of  the  winding  had  to  be  traversed  before 
the  start  was  reached,  the  total  travel  would  be  fZ,  where  U  is  the 
number  of  times  the  winding  must  be  traversed  before  finally  closing 
on  itself.  We  have,  therefore,  for  the  first  condition  controlling  a 
lap  winding, 

-f-(yb  +  y»)-  t/Z;  so  that    C/-.    y^-^L, 

where  U  may  be  any  whole  number.  Hence  it  follows  that  the  sum 
of  the  front  and  back  pitches  must  in  every  case  be  an  even  number. 

There  is  also  the  condition  that  no  conductor  shall  be  encountered 
twice;  that  is,  no  number  of  steps  whatever,  however  often  rrpeate<l, 
shall  make  yb  +  Vt  equal  to  yt.     Or,  taking  m  as  any  whole  number, 

yr  J  w*  {yt  +  yb) ; 

whence, 

yt  +yh  \m+  (l-m). 

It  follows  from  this  inequality,  that  yt  and  y^  cannot  possibly 
have  any  common  factor;  and  as  their  difference  must  be  even,  it  is 
evident  that  lx)th  must  be  odd  numbers.  Also,  to  make  the  winding 
lap  back,  it  is  necessary  that  one  of  them  should  \yo  a  negative  number. 

Wave  Windings.    The  winding  illustrated  in  Fig.  128  is  called 
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a  simplex  wave  winding.  Starting  at  bar  a,  we  pass  along  conductor 
1  to  the  back  of  the  armature,  thence  by  a  connector  to  conductor 
6,  and  then  ahead  to  bar  /.  From  here  we  follow  along  conductor 
11,  and  then  16  to  fe,  whence  we  are  led  along  3  and  8  to  g.  Following 
through  the  complete  winding,  we  arrive  at  bar  a  by  way  of  con- 
ductor 14,  after  having  traversed  each  conductor  once.  Thus  the 
winding  closes  upon  itself  after  passing  through  p  ^  2  winding 
elements. 

For  this  winding,  then,  we  have, 

Vi  =  +5;  Vh  =  +5;  yav  -^',  Vr  =  +10. 

The  resultant  step  is  yt  +  yt,  as  before;  and  the  number  of  such 
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Pig.  128.    Typical  Simplex  Wave  Winding,  and  Winding  Table  for  Same. 

steps  being  Z  -t-  2,  and  the  total  travel  through  the  winding  being 
U,  we  have; 

~(yt  +  y^)=UZ;      whence    C7  =  ^L+1^. 

In  order  that  no  conductor  be  encountered  twice  in  traversing 
the  winding,  it  must  not  be  possible,  by  any  number  of  repetitions 
of  the  step  yt  +  y^,  to  recur  to  the  step  yt  beyond  any  previous  num- 
ber of  repetitions  of  the  resultant  step.  Hence,  if  m  and  n  are  any 
whole  numbers,  m  (yt  +  t/b)  must  not  equal  n  (yt  +  2/b)  steps  plus 
yt-    That  is, 

m(yt  +  t/b  )  <  n  (t/f  +  j/b  )  +  t/f  • 

It  follows  in  this  case,  also,  that  yt  and  7/b  cannot  have  any  common 
factor;  and  as  their  sum  must  be  even,  both  of  them  may  be  odd,  since 
U  may  be  any  number.  They  may,  however,  be  equal  to  one 
another,  and  this  is  commonly  the  case. 
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General  Formulae  for  Drum  Windings.  In  general,  if  y  stands 
for  the  complete  step  from  the  first  conductor  of  any  group  to  the 
first  conductor  of  the  next  group,  m  for  the  field  step,  and  G  for  the 
total  numl)cr  of  groups  in  the  winding,  we  shall  have,  from  the 
previous  deductions : 


when 


mZ  -  mgO  "-^py  ±  e , 


„      py  ±  2  e  ,  2m  Z  ^  2c 

Z  -  -^^-^r ;  and  y , 

2m         '  *  p  ' 


which  are  the  general  formulae  for  symmetrical  windings,  where  g 
is  the  number  of  conductors  per  group. 

For  laj)  windings  we  have  m  =  0,  so  that, 

2c 
V 
We  may  separate  y  into  two  parts  yi  and  y^,  of  which  either  is 
negative,  and  either  slightly  less  than  or  equal  to  Z  -=-p,  and  which 
differ  from  one  another  by  2c  -e-  p. 

In  la'p  windings  the  step  of  the  winding  at  the  commutator  is 
related  to  the  winding  pitch  by  the  simple  rule : 

Vk  -  y  -H  g. 
Thus,  in  a  simple  winding  of  this  type  where  y  =  2,  and  where  each 
element  of  the  winding  is  a  simple  loop  of  two  conductors  so  that 
j^  =  2,  we  would  have  yk  =  I- 

For  wave  windings,  m  =  1 ,  so  that, 

2Z  T  2c 

y — —■■ 

and  if  this  complete  step  is  made  up  of  equal  front  and  back  pitches, 
we  shall  have : 

Z  =Fc 

Re-entrancy  of  Windings.  A  winding  which  closes  upon  itself 
is  called  a  closed-coil  winding,  as  heretofore  noted;  also,  because  it 
re-enters  upon  itself,  it  is  known  as  a  re-entrant  winding. 

If  the  whole  winding  must  be  traversed  before  the  first  inductor 
is  reached  or  re-entered,  the  winding  is  said  to  be  singly  re-entrant. 
If  one-half  the  winding  need  be  traversed  before  the  inductor  from 
which  the  start  is  made  is  again  encountered,  the  winding  is  said  to 
be  doubly  re-entrant;  and  so  on  for  triply  and  other  multiply  re-entrant 
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windings.  The  number  of  times  the  drum  is  passed  around  is  of  no 
consequence  when  considering  the  re-entrancy  of  a  drum  winding. 
For  example,  in  Fig.  129,  the  drum  is  passed  around  25  times  before 
the  conductor  from  which  the  start  is  made  is  reached,  yet  the  wind- 
ing is  singly  re-entrant,  as  shown  by  the  winding  table  accom- 
panying it. 

Multiplex  Windings.    An  armature  may  be  wound  with  two 
or  more  independent  windings, each  of  which  may  be  singly  re-entrant. 


20I 


Fig.  129.    Wave  Wlnding,'8-Pole,  2-Clrcult. 

Singly  Re-entrant.    (See  Winding 

Table  on  Page  107.) 


Fig.  130.    Duplex  Winding  Consisting  of 

Two  Singly  Re-entrant  Ring 

Windings. 


as  shown  in  Fig.  130.  These  two  windings  might  be  furnished  with 
two  independent  commutators  situated  at  each  end  of  the  armature; 
but  usually  there  is  one  with  the  number  of  its  segments  doubled, 
the  two  sets  of  bars  being  alternated  between  one  another.  In  this 
case  the  brushes  must  be  made  broad  enough  to  overlap  at  least  two 
and  one-half  commutator  bars,  so  as  to  collect  current  from  both 
windings  simultaneously.  Such  a  winding  is  known  as  a  duplex 
singly  re-entrant  winding.  Triplex-wound  armatures  have  three 
independent  windings,  with  three  sets  of  commutator  bars  similarly 
arranged. 

The  advantage  of  multiplex  windings  is  that  sparking  at  the 
brushes  may  be  considerably  lessened,  for  the  coils  are  short-circuited 
a  much  shorter  length  of  time  and  there  is  a  longer  brush-resistance 
path.  Hence  multiplex  windings  are  much  used  in  machines  intended 
to  supply  large  currents  at  small  voltages,  such  as  generators  for 
electrolytic  work. 
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Winding  Table  for  S-Polk   Drum  Armaturb;   202  Conductors;  Two- 
CiRCurr,  Series-Parallel  GRounNo;  Brushes  (±)  135**  Apart. 
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Paths  in  Parallel  and  Conductors  in  Series  between  Brushes. 
In  a  simplex  lap  winding  there  will  be  p  paths  in  parallel  between 
the  brushes,  and  Z-^p  conductors  in  series.  In  a  simplex  wave 
winding,  there  will  always  be  2  paths  in  parallel  through  the  armature, 
and  each  path  will  consist  of  Z-5-2  conductors  in  series. 

A  multipolar  lap  winding  is  often  called  a  paraUel-grouped 
winding,  on  account  of  the  number  of  parallel  paths  through  the 
armature.  Sometimes  it  is  called  a  multiple-circuit  winding  for  the 
same  reason.  Similarly,  a  simplex  wave  winding  is  called  either  a 
two-circuit  winding  or  a  series  winding. 

Combining  simplex  windings  to  give  a  multiplex  winding  adds 
to  the  number  of  paths  in  parallel  through  the  armature,  but  not 
the  generated  e.  m.  f.  The  latter  is  increased  by  multiphing  the 
number  of  turns  per  coil,  or  the  number  of  coils  in  series;  but 
having  a  great  number  of  turns  per  section  (that  is,  element  of  the 
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winding)  aggravates  the  tendency  to  spark, as  already  shown  (page  46). 

Number  of  Brush  Sets  Required.  Where  there  are  p  points 
around  the  commutator  at  which  the  voltage  is  zero  (see  page  35  for 
method  of  measuring  potential  around  a  commutator),  p  sets  of 
brushes  may  be  used  in  any  case.  In  a  lap  winding,  simplex  or 
multiplex,  p  sets  must  be  used  in  order  to  collect  the  full  armature 
current;  while  in  wave  windings,  simplex  or  multiplex,  2  sets  of 
brushes  are  sufficient,  though  any  number  up  to  p  may  be  used  in 
order  to  insure  sparkless  collection  of  the  armature  current.  For, 
by  referring  to  Fig.  131,  it  is  seen  that  if  six  brushes  were  placed 
around  the  commutator  60  degrees  apart,  the  extra  ones  might  be 
considered  as  cross-connections  introduced  to  reduce  the  armature 
PR  loss. 

Conditions  to  be  Satisfied  by  a  Closed=Coil  Drum  Winding. 
A  drum  winding  cannot  have  an  odd  number  of  inductors.  Both 
the  front  and  back  pitches  must  be  odd  in  simplex  windings,  for  the 
odd-numbered  conductors  may  be  regarded  as  the  returns  for  even- 
numbered  ones. 

Both  the  front  and  back  pitches  must  be  approximately  equal 
toZ-^p,  in  order  that  conductors  moving  simultaneously  under  poles 
of  opposite  polarity  should  have  their  generated  e.  m.  f.'s  additive. 
The  smallest  pitch  meeting  this  condition  would  stretch  completely 
across  a  pole-face,  while  the  largest  would  stretch  from  the  given 
pole-tip  to  the  next  pole-tip  of  like  polarity.  When  the  front  and 
back  pitches  differ  considerably  from  Z  -r-p,  the  winding  is  called  a 
chord  vnnding,  the  name  being  due  to  the  appearance  of  the  end- 
connections.  As  we  have  seen,  this  method  possesses  the  advantage 
of  cutting  down  the  demagnetizing  effect  of  the  armature;  but  it  has 
the  disadvantage  that  the  two  edges  of  any  section  are  not  both 
passing  at  the  same  time  into  a  commutating  field,  so  that  it  is  not 
suitable  for  handling  large  outputs  of  current. 

For  a  given  number  of  inductors,  the  front  and  back  pitches  must 
be  chosen  so  as  to  comply  with  the  following  conditions: 

(o)  All  winding  elements  must  be  similar  mechanically  and  electrically, 
and  must  be  symmetrically  placed  upon  the  armature. 

(6)  In  a  simplex  winding,  every  inductor  must  be  passed  over  once 
only,  and  the  winding  must  close  upon  itself,  or  be  re-entrant. 

(c)  In  a  multiplex  winding,  each  simplex  element  must  comply  witb 
eondition  (b). 
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(d)  A  multiplex  winding  not  consisting  of  complete  and  independent 
simplex  windings  (called  a  tingly  re-entrant  mtiUipUx  winding),  must  as  a 
whole  satisfy  condition  (b). 

(e)  In  a  two-layer  winding  (that  is,  one  where  the  conductors  are  placed 
one  on  top  of  another  in  a  slot),  it  is  usual  to  give  the  upper  ones  odd  num 
bers,  and  the  lower  ones  even  numbers. 

In  addition  to  these  conditions  for  drum  windings  in  general, 

lap  windings  must  also  comply  with  the  following: 


Fig.  ISI.    six-Pole  Dram!  Simplex  Wave  Winding,  Singly  Re-entrant. 

(a)  Front  and  back  pitches  must  be  opposite  in  sign. 

(b)  The  front  and  back  pitches  must  be  unequal,  otherwise  the  coil 
would  be  short-circuited  upon  itself. 

(c)  In  a  simplex  lap  winding,  the  front  and  back  pitches  differ  by  2; 
that  is  y\>  ^  yt  ±  2. 

{d)  In  a  multiplex  lap  winding,  the  front  and  back  pitches  differ  by 
2x,  where  x  is  the  number  of  component  simplex  windings. 

(e)  Z  may  be  any  even  number;  and  in  slotted  armatures,  it  must  also 
be  a  multiple  of  the  number  of  slots;  the  latter  may  be  even  or  odd. 

Wave  windings  must  similarly  comply  with  the  following  con« 
ditions: 
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(a)     Front  and  back  pitches  must  be  alike  in  sign. 

(6)  Front  and  back  pitches  may  be  equal,  or  differ  by  any  multiple 
of  two.  Usually  they  are  both  equal  nearly  to  Z-hp,  although  one  may  be 
less,  and  the  other  greater. 

(c)  In  simplex  windings,  Z  =  p  y„  ±  2. 

(d)  In  multiplex  windings,   Z  =  p  y„  ±  2x. 

Resume  of  Winding  Formulae.  In  Table  VI  will  be  found 
formulae  covering  most  of  the  types  of  ring  and  drum  windings 
which  are  now  used.  The  symbols  in  the  columns  have  the  same 
significance  as  those  used  in  the  text. 

Equi potential  Connections.  As  the  armature  in  practice  is  not 
always  centered  exactly  with  respect  to  the  pole-pieces — and,  further, 
since  the  conductors  are  not  equidistant  from  the  latter,  because  of 
winding  inequalities — the  generated  e.  in.  f.  of  the  various  sections 
will  not  be  exactly  equal.  Hence  there  will  be  cross-currents  internal 
to  the  armature,  which  increase  sparking  at  the  commutator  and 
heating  of  the  armature.  In  wave  windings,  the  conductors  are  con- 
nected in  series  and  so  distributed  as  to  have  no  perceptible  tendency 
to  produce  cross-currents;  but  in  lap  windings,  inaccurate  centering 
may  lead  to  the  production  of  large  local  currents.  In  order  to  reduce 
their  production  as  much  as  possible,  it  is  customary,  in  large  genera- 
tors or  in  others  liable  to  be  so  affected,  to  connect  through  low- 
resistance  leads,  the  bars,  or  conductors  at  the  same  voltage.  These 
connections  are  called  equipotential  connections;  and  although  they 
reduce  the  sparking  tendency  due  to  local  currents  in  the  armature, 
they  add  a  little  to  the  heating  of  the  armature. 

Examples  of  Armature  Windings.  On  the  following  pages  will 
be  found  examples  of  windings  in  common  use.  In  Figs.  131  to  137 
inclusive,  the  short,  radial,  numbered  lines  represent  the  conductors; 
the  crossed  lines  outside  of  the  circle  of  conductors  represent  the 
connections  at  the  back  end  of  the  armature;  and  the  crossed  lines 
between  the  circle  of  conductors  and  the  commutator  at  the  center, 
represent  the  connections  at  the  front  end  of  the  armature.  For 
the  sake  of  simplicity,  only  a  few  conductors  are  shown  in  these 
examples;  and  it  should  be  noted  that  in  actual  designs,  their  number 
Z  attains  a  much  greater  value. 

Fig.  132  represents  a  six-pole  drum  simplex  singly  re-entrant 
lap  winding,  with  60  conductors,  a  front  pitch  of  -11,  and  a  back 
pitch  of  +  9.     In  this  particular  case  the  general  progression  of  the 
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winding  is  around  the  drum  in  an  anti-clockwise  direction,  and  on  this 
account  it  is  sometimes  calletl  a  retrogressive  winding  to  distinguish  it 
from  a  clockwise  one,  which  is  called  a  progressive  winding.  The 
winding  here  shown  has  a  commutator  pitch  of  -1,  and  there  are  six 
paths  in  parallel  through  the  armature,  necessitating  sLx  brush  seta 
unless  the  winding  or  commutator  is  cross-connected  (see  Fig.  125). 


Fig.  ISS.    six-Pole  Drum  Simplex  Lap  Winding.  Singly  Be^ntrant. 

Fig.  131  illustrates  a  six-f)ole  drum  simplex  singly  re-entrant 
wave  winding  of  62  inductors.  It  has  a  front  pitch  of  +11,  and  a 
back  pitch  of  +9,  giving  an  average  pitch  of  10,  and  a  commutator 
pitch  of  10  also.  This  winding  has  two  paths  in  parallel  through 
the  armature,  so  that  only  two  brush  sets  are  required.  The  loca- 
tions of  the  other  brush  sets,  which  may  be  addtni  if  large  currents  are 
to  be  collected,  are  also  indicated  by  dotted  lines. 

Fig.  133  shows  a  six-pole  drum  duplex  doubly  re-entrant  lap 
winding  composed  of  60  inductors  with  a  front  pitch  of  -11,  a  back 
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pitch  of  +7,  a  commutator  pitch  of  -2,  and  12  paths  in  parallel 
through  the  armature.  This  winding  is  also  retrogressive,  and  com- 
posed of  two  complete  but  distinct  simplex  singly  re-entrant  lap 
windings,  each  having  30  inductors.  One  set  is  represented  by  the 
full  lines,  the  other  by  the  broken  lines,  their  respective  commutator 
segments  being  unshaded  and  shaded.     It  should  be  noted  that  with 


Fig.  133.    Six-Pole  Drum  Duplex  Lap  Winding,  Doubly  Re-entrant. 

a  duplex  or  any  other  multiplex  winding,  the  brushes  must  be  wide 
enough  to  cover  at  least  as  many  segments  as  there  are  windings. 
Here  the  brushes  cover  two  segments. 

Fig.  134  represents  a  six-pole  drum  duplex  doubly  re-entrant 
wave  winding,  consisting  of  64  inductors,  having  a  front  pitch  of  +9, 
a  back  pitch  of  +11,  and  a  commutator  pitch  of  10.  The  average 
pitch  is  10,  and  there  are  four  paths  in  parallel  through  the  armature. 
Nevertheless  only  two  brushes  are  required  to  collect  the  current, 
although  others  may  be  added  as  indicated,  if  desired.     It  consists 
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of  two  complete  simplex  singly  re-entrant  wave  windings;  hence  its 
appellation,  duplex  doubly  re-entrant. 

Fig.  135  represents  a  four-pole  drum  simplex  doubly  re-entrant 
lap  winding  having  34  inductors.  In  this  case  the  front  pitch  is  +9, 
the  back  pitch  is  -o,  and  the  commutator  pitch  is  +2,  while  there* 
are  8  paths  in  parallel  through  the  armature.  Four  brushes  only  are 
required,  and  inspection  shows  this  to  be  a  progressive  winding. 


Fig.  IM.   six- Pole  Drum  Duplex  Wave  Wlndlog,  Doubl7  Reentrant. 

Fig.  136  illustrates  a  four-pole  dnim  simplex  trebly  re-entrant 
wave  winding  having  34  inductors,  with  a  front  pitch  of  -11  and  a 
back  pitch  of  -9.  The  commutator  pitch  is  -10,  and  it  is  seen  that 
this  is  a  retrogressive  winding,  having  six  circuits  in  parallel  through 
the  armature. 

In  Fig.  137  we  have  a  six-pole  drum  duplex  singly  re-entrant 
wave  winding,  with  a  back  pitch  of  11,  a  front  pitch  of  9,  an 
average   pitch   and  a  commutator  pitch  of  10.     It  has  two  paths 


127 


116 


DYNAMO- ELECTRIC  MACHINERY 


in  parallel  through  the  armature;  and  although  only  two  brushes  are 
required,  six  sets  may  be  used  if  desired,  as  indicated.  It  is  a  pro- 
gressive winding. 

Length  of  Armature  Winding.  The  length  of  wire  in  an 
armature  winding  depends  upon  the  particular  type  of  winding  em- 
ployed.    Determination  of  this  length  is  necessary  in  the  design  of 


Fig.  135.    Drum  Simplex  Doubly  Re-entrant  Lap  Winding. 

dynamo-electric  machinery  in  order  to  compute  the  armature  resist- 
ance and  the  resulting  regulation  of  the  machine.  G.  Simonds,* 
J.  Dalemont,**  H.  M.  Hobart,f  and  A.  I.  M.  Winetraubff  have 
given  methods  for  computing  the  lengths  of  winding  necessitated  by 
the  different  types;  but  the  method  usually  employed  by  manufac- 

•EUctrical  World,  March  3.  1900. 
*•  Bulletin  of  the  Institute  Monteflore,  ii,  428, 1903. 

t  Traction  and  Trantmistion,  V,  239, 1903. 
ifMectrical  World,  August  25. 1906. 


128 


DYNAMO-ELECTRIC  MACHINERY 


117 


turers  consists  simply  in  drawing  the  armature  to  scale,  and  laying  off 
thereon  a  section  of  the  winding,  the  re<juisite  length  of  wire  being 
then  determined  by  actual  measurement.  In  particularly  important 
cases — for  example,  when  a  new  type  of  machine  is  to  be  built  in  large 
numbers  or  sizes — a  portion  of  a  dummy  armature  core  is  made  of 
wood  and  wound  with  the  correct  size  of  wire.    The  length  thus  em- 


Flg.  130.    Slx-Clrcult  Drain  Simplex  Trebly  R».«ntruit  W»Te  WixidlDg. 

ployed  for  one  section  is  then  multiplied  by  the  number  of  sections 
to  obtain  the  total  length  of  wire  required. 

Armature  Resistance.  Having  obtained  the  length  of  wire 
required  for  the  winding,  the  resistance  of  the  armature  may  be  cal- 
culated from  the  formula, 

wherem   />  is   the    resistance  of   a  unit-length  of   copper  of  unit 
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cross-section;  /  is  the  total  length  of  the  armature  winding  in  the 
same  linear  units  as  p;  c  represents  the  number  of  circuits  in  parallel 
through  the  armature;  and  s  is  the  cross-sectional  area  of  the  con- 
ductor in  the  same  units  as  that  upon  which  the  value  of  p  is  based. 


Pig.  137.    Six-Pole  Drum  Duplex  Wave  Winding,  Singly  Re-entrant. 

A  circular  conductor  one  foot  long  and  one  mil  (0.001  inch)  in 
diameter  is  called  a  circular  mil  foot;  and  if  composed  of  standard 
copper,  it  has  at  20°  Centigrade  a  resistance  of  10.35  ohms,  and  at  0° 
Centigrade  a  resistance  of  9.55  ohms.  At  any  other  temperature  t, 
the  resistance  Rt  is : 

Rt  =  9.55(1  +0.0042/). 

If  we  take  as  our  basis  of  calculation  a  square  conductor,  the 
cross-section  being  a  square  each  of  whose  sides  is  one  mil  long,  we 
have  a  square  mil  foot,  which  has  an  area  4  -i-  tt  times  that  of  a  circular 
mil  foot.  Hence  its  resistance  is  tt  ^  4,  or  0.7854  of  that  of  a  circular 
mil  foot.     Hence  the  resistance  of  a  square  mil  foot  of  copper  wire 
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at  20°  C.  is  10.35  X  0.7854  =  8.15  ohms,  and  at  0°  C.  it  is  9.55  X 

0.7854  =  7.5  ohms. 

The  resistance  of  any  copper  conductor,  the  cross-section  of 

10.35  XZ 
which    is  given  in  circular  mils,  is    at  20°  C.  equal   to — ^— ^ —  , 

when'  /  is  the  length  of  the  conductor  in  feet,  and  (f  b  the  cross- 
section  in  circular  mils  (that  is,  the  square  of  the  diameter  in  mils). 
Example.     1,200  feet  of  copper  wire  0.1   inch   (100  mils)  in 
diameter  is  required   for  a    certain    six-circuit    armature  winding. 

Substituting  in  the  equation  ''•  =  ^  »we  have  for  the  resistance 
of  the  armature: 

Armature  Losses.  The  losses  in  the  armature  may  be  divided 
into  those  due  to  the  resistance  of  its  winding,  and  those  due  to  the 
hysteresis  and  eddy  currents  in  its  iron  core.* 

Under  the  preceding  heading,  a  method  of  finding  the  resbtance 
of  the  armature  winding  was  given;  hence  the  copper  loss  in  the 
armature  due  to  the  resistance  of  its  winding  is: 

For  calculating  the  hysteresis  loss  u\  in  the  armature,  we  may 
use  the  formula  and  curves  given  on  page  14,  or  may  refer  to  a  curve 
obtained  by  test  upon  the  iron  to  be  used.  Similarly,  the  eddy-current 
loss  M'e  may  be  computed  from  the  formula  given  on  page  15,  or  from 
the  graphs  of  Fig.  1 7.  The  total  iron  loss  in  the  armature  is  there- 
fore: 

It  is  found,  however,  by  tests  upon  actual  machines,  that  the  iron 
losses  thus  computed  are  considerably  lower  than  the  true  values. 
This  is  no  doubt  due  to  unequal  distribution  of  flux  in  the  various 
parts  of  the  magnetic  circuit  subject  to  a  varying  flux-density;  also 
to  the  departure  from  the  ideal  conditions  in  the  matter  of  dispersion, 
and  to  the  presence  of  wasteful  currents  in  other  parts  of  the 
machine.  Prof.  J.  Epsteinf  gives  curves,  Fig.  138,  showing  that  the 
calculated  losses  of  a  machine  based  on  any  of  the  heretofore  standard 

•  windage  due  to  the  routloo  of  the  armatare  will  be  dealt  with  under  a  later 
beadlDfC- 

t Proceedlocs  of  ttae  lastltatloa  of  Electrical  Englneem  of  Oreat  Britain.  Not.  II.  IfOS. 
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data  would  be  low;  hence  the  actual  commercial  eflBciency  is  lower 
than  the  computed. 

In  addition  to  the  calculated  iron  and  copper  losses,  there  may 
be  a  loss  in  the  armature  conductors  due  to  eddy  currents,  and 
another  loss  if  for  any  reason  the  current  does  not  distribute  itself 
evenly  through  the  conductor.  Also,  if  the  division  of  current 
between  the  parallel  circuits  of  the  armature  winding  is  not  uniform, 
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Fig.  138.    Standard  Iron-Loss  Curves  at  30  Cycles  per  Second. 

.E^Prof.  Epstein;  ^—Hobart,  "Electric  Motors;"  ^— Prof.  Arnold.  Die  GleicAstrotn- 

tnaschine;  K—G.  Kapp,  Gleichstrom  und  Wechselstrom. 

and  equalizing  connections  are  not  provided,  an  additional  loss 
results.  These  are  so  obscure  as  to  baffle  computation; and  as  their 
value  is  small,  they  may  be  neglected. 

Heating  of  Armatures.    The  amount  of  heat  which  will  be 
dissipated  by  a  unit-surface  of  a  moving  armature  depends  upon : 

(1)  Resistance,  eddy-current,  and  hysteresis  losses  in  the  armature. 

(2)  Heat-radiating  surface  of  the  armature. 

(3)  Peripheral  speed  of  the.  armature. 

(4)  Proportion,  within  limits,  of  the  ratio  of  the  radiating  surface  to 
polar  surface. 

(5)  Temperature  of  the  radiating  surface. 

The  first  of  these  is  dependent  upon  the  internal  actions  of  the 

armature,  and  represents  the  total  heat  which  must  be  dissipated. 

The  surface  exposed  to  the  cooling  action  of  the  air  is  somewhat 
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indefinite,  but  in  most  cases  the  total  peripheral  surface  of  the  arma- 
ture is  assumed  as  radiating  surface,  and  to  this  may  be  added  one-half 
the  surface  of  the  ends  of  the  armature. 

As  the  peripheral  speed  of  the  armature  becomes  greater,  it  is 
found  that  the  radiating  capability  of  its  surface  increases,  though 
not  in  direct  proportion. 

Messrs.  A.  H.  and  C.  E.  Timmerman*  found  by  actual  test 
that  the  effect  of  pole-faces  above  a  surface  is  to  interfere  with  the 
radiation  of  heat.  As  the  proportion  of  surface  covered  by  the  pole- 
faces  became  larger,  the  amount  of  heat  radiated  per  degree  rise  in 
temperature  became  less.  They  also  found  that  elevation  in 
temperature  of  a  surface  caused  an  increase  in  the  radiation  of  heat 
per  degree  rise  in  temperature,  but  that  this  rate  diminished  as  the 
temperature  rose. 

Various  form- 
ulce  may  be  given 
for  estimating  the 
ultimate  rise  in 
temperature  of 
armatures;  but  as 
most  of  them  are 
empirical  and 
clumsy,  the  curves 
of  Fig.  139  have 
been  substituted. 
With  their  aid,  we 
may  determine 
the  temperature-rise  in  degrees  Centigrade  of  an  armature  at  any 
usual  peripheral  sf>eed,  if  we  know  the  total  radiating  surface  and  the 
total  armature  losses. 

Example.  In  a  480-kilowatt  generator,  the  heat-radiating  surface  of 
the  armature  was  computed  to  be  about  5,000  square  inches,  while  total 
losses  in  the  armature  were  found  to  be  12,3.30  watts  by  calculation.  Hence 
the  watts  wasted  per  square  inch  of  heat-radiating  surface  are  12,330  +  5,000 
-  2.46. 

As  the  peripheral  speed  of  the  armature  in  this  instance  was  4,500  feet 
per  minute,  we  see  by  reference  to  the  curves  of  Fig.  139,  that  there  will  be  a 
rise  of  19"  C.  for  each  watt  per  square  inch.  Hence  the  temperature-rise  of 
this  armature  will  be  approximately: 

».  -  2.46  X  19  -  47"  C. 

•TrannetloiM  of  tb«  American  Instltat«  of  Electrical  Enxlneers.  Vol.  T.  IWt. 
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Commutator  and  Brush  Calculations.  Commutators  for  con- 
tinuous-current machines  may  be  divided  into  two  classes,  depending 
upon  whether  they  are  for  open  or  closed-coil  armature  windings.  In 
the  former  special  case,  used  for  arc-lighting  generators,  the  com- 
'  mutator  has  a  small  number  of  segments  separated  from  each  other 
by  an  air-gap,  and  each  covering  a  considerable  angle.  With  closed- 
coil  windings,  ordinarily  used  for  direct-current  lighting  and  power, 
in  which  case  the  terminal  voltage  is  kept  comparatively  constant 
(in  contradistinction  to  series  arc-lighting  machines,  for  which  the 
current  is  constant),  the  commutator  is  of  the  original  Pacinotti  type 
— that  is,  consisting  of  a  considerable  number  of  parallel  bars  or 
segments  separated  by  strips  of  insulation,  usually  mica.  In  both 
cases  the  completed  commutator  presents  a  cylindrical  surface  against 
which  the  brushes  press. 

Number  of  Segments.  The  number  of  segments  depends  upon 
the  number  of  sections  of  the  winding,  as  shown  on  page  95.  We 
have  also  seen  (page  49)  that  increasing  the  number  of  commutator 
segments  reduces  the  tendency  to  spark  at  the  brushes.  This  in- 
crease is  limited,  however,  by  the  matter  of  cost,  and  the  fact  that 
the  number  of  sections  in  a  drum-wound  armature  can  never  exceed 
one-half  the  number  of  inductors,  while,  in  a  ring-wound  armature, 
the  number  of  sections  can  never  be  greater  than  the  number  of 
inductors. 

The  proper  number  of  segments  is  therefore  determined  by  the 
winding  of  the  armature,  which  depends  upon  the  voltage  and  output 
of  the  machine.  If  by  experience  the  suitable  number  of  average 
volts  per  segment  e^  of  the  commutator  be  known,  then  K,  the 
number  of  segments,  may  be  readily  computed  from  the  following 
formula : 

K  =  Ec-T-Ck. 

Experience  shows  that  the  values  of  ^k  indicated  in  Table  VII,  may 
be  chosen,  although  the  matter  is  influenced  by  the  current  to  be 
collected.  If  the  latter  be  less  than  100  amperes,  then  the  value 
of  ey^  may  be  increased,  but  in  no  case  should  it  exceed  25  volts. 
Arnold  has  given  the  rule  that  the  number  of  commutator  seg- 
ments must  never  be  less  than  from  0.037  to  0.04  times  the  product 
of  the  number  of  armature  inductors  into  the  square  root  «f  the 
current  carried  by  one  circuit  of  the  armature.     This  rule  is  an  em- 
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pirical  one  basotl  on  observations  with  regartl  to  sparking;  never- 
theless it  has  been  found  that  good  machines  were  built  in  which  the 
constant  was  slightly  less  than  0.037. 

Example.  A  1,000-kilowatt  generator  having  16  paths  in  parallel 
through  its  armature  produced  500  volts  at  its  terminals.  The  number  of 
armature  conductors  was  2,304.  Hence,  according  to  Arnold's  rule,  K  must 
not  be  less  than  0.037  X  2,304  v' 2,000+ 12  -  956.  As  a  matter  of  fact, 
1,152  segments  were  taken  for  this  machine,  making  the  number  of  seg- 
ments equal  to  one-half  the  number  of  conductors. 

TABLE  VII 
Voltage  and  Number  of  Segments 


For  Machines  WoRUNa  at 


500  to  650  volta 
200  to  250  volts 
100  to  130  volts 


AVBRAOE  VOLTB  PXR 

8EaMEN'T<=ek 


5  to  12 
3  to  8 
2  to     4 


Atbraob  Seouentb  fer  Pole 
OR  CiRcorr 


40  to  150  or  more 
25  to     75 
20  to     60 


Size  of  the  Coniniutator.  The  size  of  the  commutator  depends 
upon  the  number  of  segments,  their  thickness  and  that  of  the  insula- 
tion between  them,  and  the  length  of  the  segments  parallel  to  the 
shaft.  The  diam- 
eter is  limited  by 
the  peripheral 
speed  allowable. 
The  length  de- 
pends upon  the 
amount  of  current 
to  be  collected,  a 
density  of  50  am- 
peres per  square 
inch  being  as  much 
as  should  be  al- 
lowed for  the  con- 
tact area  between 
a  carbon  brush 
and  the  bar.  Bars  are  rarely  ever  thinner  than  0.2  in.,  or  with  in- 
sulation say  0.3  in.,  and  the  peripheral  speed  of  a  commutator  seldom 
exceeds  2,500  feet  per  minute;  so  that  by  keeping  within  these  limits 
good  results  may  be  expected.     A  favorite  size  for  commutator  diam- 
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eters  is  f  that  of  the  armature  diameter,  which  serves  as  another 
guide. 

Commutator  Losses.  The  losses  which  the  commutator  surface 
must  take  care  of  may  be  divided  into  those  arising  from  the  resist- 
ance, or  more  properly  the  voltage  drop,  of  the  brush  contact,  and 
from  the  friction  of  the  brushes  against  the  rotating  commutator. 

The    former    de- 


2.8 

.140 

2.14 

>20 

A 

^ 

--o^ 

.lOO 

A 

^ 

^ 

^o' 

[a,^- 

.OSO 

1.2 

V 

^ 

y 

.060 

.8 

s 
/ 

< 

.040 

^ 

y^ 

^^ 

R 

<zsis 

tanc 

;e 

.O20 

0    1 

0    2 

0    3 

0    ^ 

O     5 

0    6 

O     7 

o  6 

O    9 

O      l( 

u 

£ 

$3 

crp 
(/)  O 
^U 

0.(0 

in  o 

io 
cy 
or 

00 


Amperes  per  Square  Inch  of  Brush  Contact 

Fig.  141.    Curves  Showing  Average  Brush  Tirop  and  Contact 
Resistance  at  Various  Current-Densities  for  Several  Stand- 
ard Grades  of  Carbon  and  Graphite  Brushes. 


pends  mainly  upon 
the  following  fac- 
tors: 

(1)  Material  of 
the  brushes. 

(2)  Pressure  of 
the  brushes  upon 
the  commutator. 

(3)  Peripheral 
speed  of  the  com- 
mutator. 

(4)  Current-den- 
sity in  the  brush. 

(5)  Condition  of 
the  commutator  and 
brushes. 


The  loss  due  to  friction  of  the  brushes  upon  the  commutator 
varies  with: 

(1)  Pressure  of  the  brushes. 

(2)  Peripheral  speed  of  the  commutator. 

(3)  CoeflBcient  of  friction  between  commutator  and  brushes. 
Fig.  141  shows  the  effect  of  various  current-densities  with  various 

grades  of  brushes;  and  this  may  be  taken  as  illustrating  the  influence 
of  the  material  of  the  brush  upon  its  contact  resistance.  Fig.  140 
shows  how  the  pressure  of  the  brushes  affects  the  voltage-drop;  while 
Fig.  142  indicates  the  effect  of  peripheral  speed  of  the  commutator 
upon  this  drop,  if  we  divide  the  watts  loss  by  the  amperes  per  square 
inch  of  brush  contact;  and  Fig.  141  illustrates  the  relation  between 
the  current  density  in  the  brush  and  the  voltage-drop  across  both 
positive  and  negative  brushes.  The  influence  of  the  condition  of 
the  commutator  and  brushes  upon  contact  resistance  cannot  be 
stated  exactly;  but  it  is  a  fact  that  if  either  be  in  bad  condition,  the 
losses  at  the  commutator  may  be  increased  many  fold. 
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Multiplying  the  volts  drop  obtuined  from  Fig.  141,  by  the 
current  per  brush  set,  we  obtain  the  energy  loss  due  to  brush- 
contact  resistance.  For  example,  if  we  design  the  brushes  so  that 
the  current-density  in 
them  is  35  amperes  per 
square  inch  at  ratetl 
load,  we  have  a  drop 
over  the  contact  sur- 
faces of  both  positive 
and  negative  brushes  of 
1.35  volts;  and  multi- 
plying the  total  current 
output  by  1.35  gives 
the  watts  lost. 

Example.  In  a  100- 
kilowatt  machine  of  one 
of  the  large  manufactur- 
ing companies,  the  current 
collected  by  the  brushes 
amounted  to  415  amperes.  If  the  current-density  in  the  brushes  had  been  35 
amperes  per  square  inch,  the  loss  due  to  contact  resistance  would  have  been: 
1.35  X  415  =  560  watts. 

The  variation  of  fric- 
tion losses  (which  the  sur- 
face of  the  commutator 
must  radiate  as  heat) 
with  peripheral  speed  of 
the  commutator  at  vari- 
ous pressures,  is  shown 
graphically  in  Fig.  142; 
while  the  dependence  of 
the  coefficient  of  friction 
upon  the  commutator 
peripheral  speed  is  indi- 
cated   by  Fig.    143   for 


RzTtpheTQl  ^pcedofCommutatoT  in  Feet  per  Min 


Fig.  U2.    Curves  Showing  Average  Friction  Lom  per 
Square  Inch  of  Bnish  Contact  at  Various  Speeds 
and  Brush  Tensions. 
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condition. 
To  compute  the  watts  lost  through  brush  friction,  multiply  the 
total  area  of  brush  contact  by  the  stress — i.t.,  the  pressure  per  unit 
area — to  get  the  total  pressure  in  pounds.   Then  multiply  this  value 
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by  the  coefficient  of  friction  and  peripheral  speed  in  feet  per  minute 
of  the  commutator,  which  gives  the  losses  in  foot-pounds  per  minute. 
Dividing  by  33,000  to  convert  this  value  into  horse-power,  and  mul- 
tiplying by  746,  we  convert  the  result  thus  obtained  into  watts. 

Example.  Taking  the  same  machine  as  just  above  mentioned,  let  us 
assume  the  brush  pressure  as  1.5  pounds  per  square  inch,  the  total  brush 
area  as  23.7  sq.  in.,  the  peripheral  speed  of  the  commutator  as  2,500  feet  per 
minute,  and  the  coefficient  of  friction  as  0.27.       We  have  the  friction  loss: 

23.7  X  1.5  X  0.27  X  2,500  X  746  -^  33,000  =  543  watts  (nearly). 

Commutator  Heating.  The  final  temperature  which  the  com- 
mutator surface  will  attain  depends  upon  the  total  losses  to  be 
radiated  by  it  and  the  radiating  surface,  together  with  the  peripheral 
speed.  According  to  tests  made  by  Prof.  E.  Arnold,  the  final  rise 
in  temperature  of  the  commutator  in  degrees  Centigrade  will  be: 

„_       46.5  X  Wc 
Ac  (1  +  0.005  v)' 

in  which  Wc  represents  the  total  commutator  losses,  electrical  and 
mechanical,  in  watts;  Ac  represents  the  radiating  surface  of  the 
commutator  in  square  inches;  and  v  represents  the  pei:ipheral  speed 

of    the    cfoimutator   in 
feet  per  minute. 

According  to  Messrs. 
Parshall  and  Hobart,  the 
rise  in  temperature  of  the 

VWVWWMllUll  r^l~lK:?  XT'A     j^/JJ^j*^^      commutator  will  seldom 
W»*^  jlMHf|¥N^^|^^^^^M      exceed  20°  C.  with  one 

watt  per  square  inch  of 
peripheral  radiating  sur- 
face at  a  peripheral  speed 
of  2,500  ft.  per  minute,  a 
figure  which  may  be  much 
improved  upon  with  ven- 
tilated armatures. 
Number  and  Size  of  Brushes.  The  total  number  of  brush  sets 
is  usually  fixed  by  the  type  of  armature  winding,  as  previously  stated; 
but  this  criterion  gives  us  no  clew  to  the  number  of  brushes  per  set. 
In  all  but  the  smallest  machines, it  is  usual  to  placeat  least  two  brushes 
exactly  similar,  side  by  side  (Fig.  144  shows  four),  instead  of  one 
broad  brush,  thus  allowing  one  brush  to  be  removed  for  trimming  or 


Fig.  144.    ParallelMovement Brush-Holder. 
Crocker- Wheeler  Company. 
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renewal  while  the  machine  is  running.  The  contact  between  the 
brushes  and  the  commutator  is  made  much  better  by  this  subdivision, 
for  a  slight  inequality  at  one  point  of  the  latter  may  slightly  raise 
one  brush  of  a  set  at  each  revolution,  without  much  harm,  while, 
with  one  broad  brush,  the  entire  brush  would  be  lifted,  causing  bad 
sparking.  Subdivision  of  the  brush  also  tends  to  equalize  the  wear 
upon  the  commutator,  each  brush  being  separately  held  against  the 
commutator,  and  the  gap  between  two  adjacent  brushes  of  the 
same  set  being  bridged  by  the  brushes  of  the  other  set  or  sets.  The 
number  of  individual  brushes  in  each  group  depends  upon  the  current 
capacity  and  size  of  machine  and  the  judgment  of  the  designer,  and 
varies  from  two  to  eight  or  more. 

The  proper  thickness  for  carbon  brushes  cannot  be  stated 
definitely,  but  they  are  usually  made  to  span  2\  bars  in  armatures 
having  simplex  windings.  For  armatures  with  duplex  and  triplex  wind- 
ings, thicker  brushes  must  necessarily  be  used.  The  usual  thickness 
of  metal  brushes  ^ 
spans  about  H 
commutator  bars. 

Table  VIII 
gives  standard 
sizes  of  carbon 
brushes  employed 
by  most  manufac- 
turing companies; 
and  in  designing  a 
generator  ormotor 
it  is  best  to  select 
one  of  these  sizes 
that  most  closely 
approximates  the 
requirements. 

Heating  of  Carbon  Brushes.  Fig.  145  gives  the  variation  of  the 
temperature-rise  of  two  well-kno^^Ti  grades  of  carbon  brushes  with 
increase  in  the  current-density  employed.  The  room  temperature 
at  the  time  of  the  test  was  about  24°  C,  so  that  the  values  on  the 
curves  represent  final  or  total  temperatures.  It  is  therefore  necessary 
to  detluct  24  from  the  values  given  by  these  cun*es,  to  realize  the 
actual  temperature-rise. 


Amperes  per  Square  Inch  of  BrusH  Contact 

Fig.  145.7ATer»se  Temperature  Curves  of  Standard  Grades  of 
vartwn  or  Graphite  Brushes. 
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TABLE  VIII 
Standard  Sizes  of  Carbon  Brushes 


Length 

Width 

Thickness 

Length 

Width 

Thickness 

Length 

Width 

Thickness 

Length 

Width 

Thickness 

Length 

Width 

Thickness 

Length 

Width 

Thickness 

Length 
Width 
Thickness 

2Hx2}ix  y^ 

3xlx  }i 

354  X  1  X  Ji 

4xlx  K 

5xlx  Ji 

6x1  Hx  K 

7x1  Jix  K 

2KX2KX  H 

3xlx  % 

3K  X  i:x  H 

4xlx  % 

5x1  Kx  }i 

6x1  Kx  H 

7x2   X  % 

2iix2y^x  % 

3xlx% 

3«  X  1  X  Ji 

4xlx  Ji 

SxlHx  H 

6x1  Hxl 

tx2y,x  % 

i^xzy^xx 

3x1x1 

SHxlx  1 

4xlx  1 

5x1  Hx  % 

6x1 54x1  M 

7x2>ix  J4 

t}ix2    X  % 

3X1MX  Ji 

354  X  2  X  '/ 

ix\%x  M 

5x154x1 

6xlJ4xlH 

7X254X  ?i 

2KX2J4X  K 

3xlMx  % 

3}4x2x% 

4x1  Hx  J4 

5xl>ixlH 

6x2x  H 

7x2}^x  5i 

2HX2MX  M 

9xmx  H 

3HX2X  Ji 

4x1  Hx  H 

5x2x  1 

6x2Hx  K 

7x2Kx^ 

aj^x2Hx  K 

3x1^x1 
3x2x  U 
3x2x  H 
3x2x  Ji 
3x2x  1 
3x3x  ^ 
3x3x  J4 
3x3x  ^ 
3x3x  1 

3}4x2x  1 
3>4  X  3  X  K 
3J^  X  3  X  H 
3M  X  3  X  Ji 
3K  X  3  X  1 
3HX3HX  Ji 
3}4x3Kx  H 
3i4x3Jix'ji 
3Jix3Hx  1 
3Hx3Hxl}i 

4xlJ4xl 
4X2X  Ji 
4x2x  % 

4x2xlji 

5x2xl}i 
5x2}4x  K 
5X2HX  H 
5x2Kxl 

7x2}ix  Yt 

i}ix2%x\ 

7x2}ix  K 

7x2Mx  Yt 

7x2}ixl 

7x2'ixlH 



CALCULATIONS  OF  MECHANICAL  PARTS 

General.  The  almost  invariable  practice  is  to  have  the  magnet- 
yoke  of  a  generator  or  motor  serve  as  a  frame  for  all  the  remaining 
parts,  except  in  larger  sizes,  for  which  independent  bearings  are  used. 
The  strength  of  the  material  used  in  the  field-ring  is  great,  and  as  its 
bulk  is  large  in  comparison  with  the  load  sustained,  it  is  rarely  that 
mechanical  calculations  are  made.  In  the  case  of  the  armature  shaft, 
the  arms  or  spokes  for  the  spider,  and  the  bearings,  however,  calcula- 
tions are  necessary,  which  will  now  be  briefly  considered. 

Armature  Shafts.  The  shafts  of  armatures  are  usually  made  of 
mild  steel;  and  for  their  design,  reference  may  be  made  either  to 
standard  works  on  machine  design  or  to  the  formulae  below,  based  on 
the  usual  methods  employed  in  that  class  of  work,  and  modified  to 
meet  the  requirements  of  electrical  machinery.     Shafts  for  the  latter 
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are  generally  made  somewhat  larger  than  for  other  machines,  od' 
account  of  the  magnetic  pull  which  comes  upon  the  shaft  when  the 
armature  is  even  slightly  out  of  center  of  the  poles,  as  already  noted. 
The  diameter  of  that  portion  of  the  shaft  within  the  armature 
core,  Fig.  146,  may  be  found  from  the  following  expression, 

'  r.  p.  r 


— r- 


mmr\ 


"T" 
o 


Fig.  148.    Dimensions  of  Armature  Shaft. 


'  r.  p.  m 
in  which 

d,  ~  Shaft  di- 
ameter within  the 
core,  in  inches; 

Ati  —  A  constant  depending  upon  the  output  of  the  machine  as  given 
in  Table  IX; 

W  —  Output  of  the  machine  in  watts. 

The  shaft  diameter  in  the  bearing  or  journal,  may  be  computed 
from   the  following  formula, 


'iT-^r. 


p.  m. 


in  which 

dh  "  Diameter  of  the  shaft  in  the  bea'ing; 

ki  »  A  constant  depending  upon  the  speed  of  the  machine  (see  Table  X). 

TABLE  IX 

Value  of  Constant  in  Formula  for  Diameter  of  Core  Portion  of  Shaft 


OAPAcrrr  or  Machinb  (in  Kilowattb) 

Valc«  of  *, 

Up  to            1 

kilowatt 

1 

1-        5 

1.1 

5-      10 

1.2 

10-      60 

1.3 

60-    100 

1.4 

lOO-    200 

1.5 

200-    500 

1.6 

500-1,000 

1.7 

1,000-2,000 

1.8 

TABLE  X 
Value  of  Constant  in  Formula  for  Diameter  of  Shaft  in  Bearing 


Trra  or<AaiiATUBB 


High-8p)eed  drum  armature. 
High-speed  ring  armature. . 
Low-speed  drum  armature. 
Low-speed  ring  armature. . . 


Valus  op  kt 


0.0025 
0.003 
0  004 
0  005 
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Armature  Spider  Spokes.  Drum  armatures  in  which  the  core 
consists  of  a  ring  of  iron  supported  by  means  of  a  skeleton  pulley  or 
spider  attached  to  the  shaft,  the  winding  being  placed  in  slots  in  the 
circumference  of  the  core,  are  called  ring-core  armatures,  to  distin- 
guish them  from  ring-^ound  armatures  such  as  shown  in  Fig.  30. 
Fig.  147  represents  a  ring-core,  drum-wound  armature  in  process 
of  construction.  In  both  cases  the  driving  of  the  armature  is  effected 
by  a  number  of  spokes  which  respectively  form  part  of  the  spider 
itself  (Fig.  148)  or  of  a  separate  frame  keyed  to  the  skeleton  pulley 

(Fig.  149).  The 
spokes  are  usually 
elliptical  in  cross- 
section,  and  are 
generally  made  of 
cast  iron  or  steel. 
They  should  be 
designed  ade- 
quately to  support 
and  drive  the  arm- 
ature. 

From  a  con- 
sideration of  the  bending  and  shearing  moments  acting  upon  such 
an  arm  or  spoke  (Fig.  149),  it  may  be  shown*  that: 


Fig.  147.    Ring-Core  Drum- Wound  Armature  in  Process 
of  Construction. 


and. 


7r6.  rfs't^      100  w  I  1 

32       ~r  fit  r.  p.  m.     ft 


bd< 


100  wZ 


-  r  n,  r.  p.  m.       f,  ' 


in  order  that  the  safe  working  stresses  of  the  material  utilized  may 
not  be  exceeded.     In  these  formulae, 

b  =  Breadth  of  an  arm  parallel  to  the  shaft,  in  inches; 


•S»«  "The  Dynamo,"  by  Hawkins  &  Wallls,  New  York,  1903;  p.  810. 

t   o*dt^    },  ]Qiown  as  the  tnodulu$  of  resistance  of  the  section 
23 


For  the  section  -^ 


it  is  ^^  ;  for  the  section 


^T\     It  Is  ^^  ;  and  If  any 
■dH  32 


one  of  these  sections  be  used,  the  corresiwnding  section  modulus  should  be  substituted  in 
the  formula. 


142 


DYNAMO- ELECTRIC  MACHINERY 


131 


Fig.  148. 


Armatare  Driven  by  Spokes  Fonnlng 
Part  of  Spider. 


/•  »  Safe  working  stress  of  the  material  for  shearing,  in  lbs.  per  sq.  in., 
which,  for  cast  iron,  is  5,000,  and  for  cast  steel  15,000; 

/t  »  Safe  working  stress  of  the  material  for  tension  or  compression,  in 
lbs.  per  sq.  in.,  which  is  1,250  for 
cast    iron,    and  5,000  for  cast 
steel; 

d  —  Thickness  of  the  arm, 
in  inches; 

I  —  Distance  from  the  tip 
of  section  whose  breadth  is  b, 
and  whose  thickness  is  </.. 

n*  "•  Number  of  spokes  or 
arms; 

r  —  Radius  of  an  arm,  in 
inches. 

Armature  Binding  Wires. 
In  the  case  of  toothed  arma- 
tures, the  conductors  must 
be  held  in  the  slots.  For  this 
purpose  it  is  customary  to  use 
wedges  driven  in  under  the  tops  of  the  teeth,  or,  in  the  case  of 
straight  teeth,  to  use  a  number  of  external  bands  known  as  binding 
wires.  These  must  be  strong  enough  to  resist  the  centrifugal  forces, 
and  yet  at  the  same  time  occupy  very  little  radial  depth,  that  they 

may  not  interfere 


with  the  clearance 
between  the  arm- 
ature and  the  pole- 
faces.  The  almost 
invariable  practice 
is  to  use  a  tinned 
wire  of  hard- 
drawn  brass,  phos- 
phor-bronze, or 
steel,  which,  after 
winding,  can  be  sweated  together  into  a  solid  band.  The  ultimate 
tensile  strength  of  phosphor-bronze  is  from  65,000  to  120,000  pounds 
per  square  inch,  while  that  of  steel  wire  varies  from  120,000  to 
250,000  pounds  per  square  inch,  the  larger  figures  relating  to  the 
smaller  sizes  of  wire. 

To  estimate  the  proper  size  and  number  of  binding  wires  re- 


Plg.  149.    Ring-Core  Armatare  Drtren  bjr  Pulley  and  End-Rings. 
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quired,  we  have  that  if  c?  be  the  diameter  (in  inches)  of  the  circular 
path  described  by  a  mass  of  weight  w^  pounds,  the  centrifugal  force 

will  be  =  0.0000143  X  dXw^X  r.  p.  m.  ^pounds  weight.  So  that  if 
we  assume  a  value  of  100,000  pounds  per  square  inch  as  the  maximum 
allowable  tensile  stress  in  steel  or  phosphor-bronze  wire,  and  allow 
a  safety  factor  of  say  10,  the  total  section  of  binding  wire  required 
will  be : 

^  0.0000143  X  IPX  wiX  Z  X  dX  T.p.  m.^ 
TT  X  100,000 

=  4.55  X  10""*  X  wi  X  Z  X  d  X  r.  p.  m.^  square  inches. 

From  this  total  necessary  section,  and  an  appropriate  wire  table, 
the  number  of  wires  is  then  calculated,  and  they  are  then  arranged 
in  suitable  belts. 

Example.  Let  w^  =  0.39  lb.;  Z  =  1,536;  d  =  62  in.;  r.  p.  m. 
=  150.  The  total  necessary  section  computed  by  the  above  formula 
is  0.379  square  inch.  Referring  to  the  wire  gauge  tables,  we  find 
that  148  wires  of  No.  15  B.  &  S.  gauge  will  fulfil  the  conditions. 
These  may  be  arranged  as  follows:  5  belts  of  16  wires  each  over 
the  core  body,  and  4  belts  of  17  wires  each  over  the  extended  ends  of 
the  winding  (i.e.,  2  belts  of  17  wires  each  over  each  end). 

Under  each  belt  of  binding  wires,  it  is  usual  to  lay  a  band  of 
insulation.  These  bands  generally  consist  of  two  layers,  first  a  thin 
strip  of  vulcanized  fibre  or  of  hard  red  varnished  paper  slightly  wider 
than  the  belt  of  wires,  and  then  a  strip  of  mica  (in  short  pieces)  of 
about  equal  width.  Sometimes  small  straps  of  thin  brass  are  laid 
under  each  belt  of  binding  wires,  having  tags  which  can  be  turned 
over  and  soldered  down  to  prevent  the  two  ends  of  the  binding  wire 
from  flying  out. 

Armature  Bearings.  Bearings  for  generators  and  motors  should 
be  very  strong  and  rigid,  with  ample  wearing  surface,  in  order  that 
the  armature  may  not  become  materially  displaced  with  respect  to 
the  poles  as  a  result  of  magnetic  attraction  as  well  as  weight, 
and  also  to  prevent  overheating  of  the  journals.  The  following 
formula  takes  into  account  the  increased  generation  of  heat  at 
higher  peripheral  velocities,  and  also  provides  sufficient  wearing 
material : 

/b  =  ^3  X  c?b  Vt.  p.  m., 
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wherein 

lb  —  Length  of  the  bearing,  in  inches; 

db  —  Diameter  of  the  shaft  in  the  bearing  (from  page  129); 

A;s  —  A  constant  de|)endent  upon  the  speed  of  the  armature  (given  in 
Table  XI). 

TABLE  XI 

Value  for  Constant  in  Formula  for  Length  of  Armature  Bearlsf 


OAPACmr  or 

Macbinb 

(iw  Kilowatts) 

Hiob-Specd  Arma- 

TURSa 

Low-8rBBo  AmMA- 

TUBBS 

Up 

to         5 

kilowatts 

0.1 

0.15 

« 

10 

0.1 

0.175 

(1 

60 

0.125 

0.200 

« 

100 

0.150 

0.225 

« 

500 

0.175 

0.250 

« 

1,000 

0.200 

0.275 

If 

2,000 

0.225 

0.300 

Losses  Due  to  Friction  in  the  Bearings  and  to  Windage.  These 
are  very  difficult  to  predetermine  with  even  reasonable  accuracy. 
Designers  usually  estimate  them  from  previous  experience.  For 
belt-driven  machines  ranging  in  speeds  from  1,800  r.  p.  m.  to  300 
r.  p.  m.  and  of  capacity  from  30  to  500  kw.,  these  losses  should  range 
from  3  per  cent  of  the  output  in  the  smaller  machines  to  1  per  cent 
in  the  larger  sizes.  For  direct-connected  generators,  this  figure 
ranges  from  1  per  cent  to  0.4  per  cent  of  the  output,  depending  upon 
the  size  and  speed,  being  lower  for  machines  of  this  type  on  account 
of  the  lowered  r.  p.  m.  and  the  better  alignment. 

Calculation  of  Efficiency.  On  page  63,  efficiency  was  defined 
as  the  ratio  between  output  and  input  of  the  machine.  It  may 
also  be  defined  as  the  ratio  between  the  output  and  the  output  plus 
the  losses.  These  latter  come  under  the  following  heads,  the  com- 
putation of  each  having  been  considered  in  the  foregoing  pages: 

(1)  Copper  Losses.  These  consist  of  the  sum  of  the  I*R  losses  in  the 
armature  field-coils,  and  increase  as  the  square  of  the  current — being,  how- 
ever, independent  of  the  speed. 

(2)  Iron  Losses.  These  arc  made  up  of  the  eddy-current  and  hysteresis 
losses  produced  in  the  armature  core-plates  owing  to  the  changes  in  flux- 
polarity  and  density  to  which  they  are  periodically  subjected.  They  vary 
slightly  with  load,  on  account  of  the  strained  distribution  produced,  and  are 
always  variable  with  the  speed,  eddy  currents  varying  as  the  square  of  the 
speed,  and  hysteresis  losses  as  the  1.6th  power  of  the  speed. 

(3)  Excitation  Losses.  These  consist  of  the  watts  expended  as  heat 
and  utilized  to  drive  the  magnetising  current  around  the  magnetising  coils, 
and  are  included  in  machine  PR  losses. 
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(4)  Commutator  Losses.     These  losses  may  be  subdivided  into: 
(o)     I^R  loss  due  to  brush-contact  resistance; 

(6)     Brush  friction  loss. 

(c)     Losses  through  sparking  and  through  eddy  currents  in  the 
commutator  bars. 

Of  those,  a  and  b  are  the  only  ones  usually  considered,  the  other  being 
practically  negligible  except  in  generators  furnishing  very  large  currents  at 
very  low  voltages. 

(5)  Bearing  Friction  and  Windage  Losses.  The  former  are  the  losses  due 
to  the  friction  of  the  shaft  in  the  bearings,  and  depends  only  upon  the  load 
and  speed.  The  latter  are  occasioned  by  the  armature  churning  the  air,  and 
are  independent  of  the  load,  but  vary  with  the  speed. 

(6)  Secondary  Copper  and  Iron  Losses.  These  have  already  been  con- 
sidered as  eddy-current  loss  in  the  armature  conductors,  eddy-current  loss  in 
the  pole-faces,  etc. 

The  method  of  calculating  each  of  these  losses  has  been  con- 
sidered in  detail  above,  so  that  we  have, 

wo 

wo  +  Wl  +  W2    +  tOS  +  W4i  +  JV6  +  Wi 

wherein  ii;^  is  the  output  of  the  machine  in  watts,  and  w^,  w^,  w^,  etc., 
represent  the  losses  in  watts  just  enumerated.  Represeniative 
curves  of  these  losses  are  shown  on  pages  15  and  123;  while  Table 
XII.  gives  the  average  efficiencies  and  apportionment  of  losses  of  di- 
rect-driven machines  of  various  sizes. 

TABLE  XII 

Average  Efficiencies  and  Apportionment  of  Losses   of  Direct- Driven 
Macliines  of  Various  Sizes 


Commercial 

Percentage  Losses  In 

Output  or 

Machine 

Ekficiency 

Arm 
Copper 

Field 
Copper 

Commuta- 

Friction 

(in  kw.) 

(per  cent) 

VTUPE 

Iron 

tor, 
Friction  and 

AND 
WiNDAOK 

Drop 

1 

80 

4.3 

3.7 

8 

0.6 

3.4 

2 

82 

4.0 

3.4 

7 

0.57 

3.03 

5 

84 

3.7 

3.1 

6 

0.54 

2.68 

10 

86 

3.4 

2.8 

5 

0.50 

2.30 

20 

88 

3.1 

2.5 

4 

0.46 

1.94 

30 

89.5 

2.8 

2.2 

3.5 

0.42 

1.58 

60 

91.0 

2. 5 

1.9 

3.0 

0.39 

1.21 

100 

92.0 

2.2 

1.6 

2.75 

0.37 

1.08 

200 

93.0 

1.9 

1.4 

2.50 

0.35 

0.85 

300 

93.5 

1.7 

1.36 

2.35 

0.33 

0.77 

600 

94.0 

1.6 

1.25 

2.15 

0.31 

0.69 

1,000 

95.0 

1.45 

1.10 

1.65 

0.29 

0.51 

2.000 

96.0 

1.30 

1.00 

1.10 

0.27 

0.33 

In  using  this  table,  it  must  be  borne  in  mind  that  the  values  may  vary 
considerably ,Jeven  in  machines  of  the  same  output  but  of  different  speeds  and 
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▼oltages,  and  under  different  conditions  of  working.     The  figures'given  should 
be  used  merely  as  a  guide  in  apportioning  or  checking  the  losses. 

Calculation  of  Magnetization  Curve  and  Voltage  Drop. — Prede- 
termination  of  Magnetization  Curve.  The  magnetization  curve  of 
a  dynamo-electric  machine  is  the  curve  connecting  the  ampere-turns 
upon  the  magnetic  circuit,  and  the  useful  flux  produced  by  them  in 
the  armature  teeth.  Since  the  number  of  turns  upon  the  field  coils 
is  usually  constant,  and  since  the  no-load  terminal  voltage  of  a  gen- 
erator is  directly  proportional  to  the  useful  flux  entering  the  teeth  of 
the  armature,  it  is  more  convenient  to  represent  the  magnetization 
curve  by  the  relation  between  the  field-exciting  current  in  amperes, 
and  the  no-load  terminal  voltage.  This  cun'e  is  generally  predeter^ 
mined  by  calculation,  and  then  actually  tested  in  the  finished  machine 
for  each  new  tv^pe,  thus  checking  the  correctness  of  the  designer's 
assumptions.  The  experimental  determination  is  explained  later. 
These  curves  are  valuable,  not  only  to  show  the  character  of  one  par- 
ticular machine,  but  are  useful  for  comparing  different  ones.  For  this 
purpose  a  standard  ratio  of  the  scales  on  which  the  curves  are  based 
should  be  followed. 

To  illustrate  the  method  of   constructing  the  magnetization 
cun'e  of  a  continuous-current  generator,  let  us  consider  the  case  of 
a  generator  the  dimensions  and  particulars  of  which  are  as  follows: 
General: 

Rated  load  output  in  kilowatts 150 

Terminal  voltage^at  rated  load 250 

External  current,  in  amperes,  at  rated  load 600 

Armature  speed,  in  r.  p.  m 450 

Number  of  poles 6 

Armature.  Dimensions: 

External  diameter  of  core,  in  inches 33 

Internal  "  "      "      "      "       18 

Number  of  slots 124 

Depth  of  each  slot,  in  inches 1 .  625 

Width"     "        "     "     "        0.400 

Pitch  of  slot  at  armature  face,  in  inches 0 .  840 

Radial  depth  of  iron  in  core  under  teeth,  in  inches 5.875 

Total  length  of  core,  in  inches ....   11 . 

Iron  length  of  core,  in  inches 9. 

Number  of  conductors 496 

Style  of  winding parallel 

Bare  dimensions  of  each  conductor,  in  inches.  0.7  by  O.I  1 
Insulated  dimensions  of  each  conductor,  in  inches.  .  ..0.73  by  0.14 
Mean  length  of  one  armature  turn,  in  inches 66 
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Field-Magnet  Data: 

Number  of  poles 6 

Diameter  of  bore,  in  inches 33 .  625 

Turns  per  pair  of  poles 3,602 

Shunt  exciting  current,  in  amperes 4.10 

Angle  covered  by  each  pole-face,  in  degrees 43 

Commutator  Dimensions: 

Diameter,  in  inches 21 

Number  of  segments 248 

Active  length,  in  inches 7.5 

The  magnet-coies  are  of  steel,  circular  in  cross-section  and  bolted 
to  the  yoke,  the  pole-shoes  being  in  one  piece  with  the  magnet-cores. 
The  field  frame  is  cast  in  two  pieces  and  bolted  together.  All  the 
field-exciting  coils  are  connected  in  series.  The  armature  slots  are 
parallel-sided,  of  the  dimensions  stated  above.  There  are  two  ven- 
tilating apertures  in  the  core,  each  f  inch  wide.  The  armature  wind- 
ing has  six  circuits  in  parallel,  with  six  sets  of  brushes  set  60°  apart. 

In  order  to  construct  the  magnetization  cur^e,  we  have: 

_      0a  X  ZX  r.  p.  m.     ,  -„. 

^=  60X10^^  (seepage  62.) 

496X450^, 
~   60X108  ^'^' 
=  0.00000372  0s 

As  the  leakage  coefficient  of  this  machine  is  v  —  1.11  (from  Table 

II,  page  77),  we  may  construct  the  following  table,  since  ^m  =v<f>^ 

(from  page  76) : 

E  ^a  0m 

200  5,370,000  5.960,000 

230  6,170,000  6,850,000 

280  6,980,000  7,750,000 

280  7,510,000  8,350,000 

300  8,050,000  8,940,000 

From  the  drawings  we  find : 

Mean  length  of  magnetic  path  in  magnet-yoke,  in  inches  26 
"           "        "         "               "      "  two  magnet-cores,  in  inches       28 

"  "        "         "  "      "  armature  core,  in  inches  15 

"      "  two  teeth,  in  inches  3 .  25 

"  "        "        "  "      "  two  air-gaps,  in  inches  0.625 

Magnetic  area  of  yoke,  in  square  inches  44 

"  "     "  magnet-cores,  in  square  inches  78.5 

"  "     "  armature  body,  in  square  inches  53 

The  polar  angle  being  43°,  we  have,  for  the  number  of  teeth 
under  one  pole:  124  x  43° 

—360^ ^*•^• 
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Allowing  for  spreading  of  flux  in  the  air-gap  owing  to  high  flux- 
density  in  the  teeth,  we  may  take  16  teeth  as  receiving  flux  from 
each  pole. 

93  45 
As  the  pitch  of  slots  at  the  bottom  of  the  slots  is  — ' —  -  0.754  in., 
^  124 

and  as  the  slots  are  0.4  inch  wide,  we  have  as  the  width  of  a  tooth 
at  its  root,  0.754  -  0.400  =  0.354  inch.  The  area  of  the  teeth  re- 
ceiving flux  from  each  pole  will  therefore  be: 

16  X  0.354  X  9  -  51  square  inches, 
since  ths  length  of  iron  in  the  armature  parallel  to  the  shaft  is  9  inches. 
The  air-gap  area,  taken  as  the  pole-face  area,  is  140  sq.  in. 
This  completes  the  data  necessary  for  computation  of  the  mag> 
netization  curve,  and  it  is  sufficient  here  to  calculate  a  few  points 
on  this  curve,  as  the  method  is  the  same  for  all. 

Considering  the  machine  to  generate  an  e.  m.  f.  of  200,  230, 
260,  280,  and  300  volts  respectively,  we  obtain  from  the  previous 
table,  by  the  method  explained  on  page  82,  the  accompanying  tabula- 
tion (page  138). 

As  seen  from  this  tabulation,  we  have: 
E  —  200,  Ampere-turns  per  pair  poles  —    8,715 
E  -  230,         "  "         "       "         "     =  10,846 

E  -  260,         "  "         "       "         "     -  13,833 

E  ~  280,         "  "         "       "         "     =  16,498 

E  -  300.         "  "         "       "         "     =  19,095 

By  plotting  the  curve  connecting  these  five  points,  we  obtain 
the  working  portion  of  the  magnetization  cur\'e  shown  in  Fig.  150. 
The  complete  magnetization  curve  may  similarly  be  computed  for 
the  full  range  of  the  field-exciting  current,  taking  account  of  the 
residual  magnetism  of  the  magnetic  circuit;  but  in  the  design  of 
generators,  the  working  portion  is  sufficient. 

It  is  usual  to  operate  shunt-wound  generators  upwn  that  portion 
of  the  magnetization  cun'e  just  above  the  so-called  bend,  while 
compound-wound  machines  are  usually  designed  to  operate  near  the 
bend  of  the  magnetization  curve. 

Computation  of  Voltage  Drop  from  Magnetization  Curve.  At 
any  generator  load,  there  are  four  causes  tending  to  lower  the  voltage 
at  the  terminals  of  the  machine — namely,  ohmic  resistance  of  the 
armature  and  series  coils  (if  any),  drop  due  to  brush  contact.  demag> 
netizing  action  of  the  armature,  and  distortion  of  the  armature  flux. 
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The  voltage-drop  due  to  resistance  of  the  armature  winding, 
series  field-coils,  and  brush  contacts,  is: 

e  -  /•  r,  +  /.  tm  +  /» n,, 
omitting  the  second  term  if  the  series  winding  is  absent.  Then,  in 
the  assumed  case  (Fig.  150),  the  no-load  c.  m.  f.  being  2.50,  repre- 
sented by  P  on  the  magnetization  cun'e,  the  rated-load  current  being 
600  amperes,  and  the  resistance  of  the  main  circuit  (including 
brushes,  armature  winding,  and  series  field-winding)  being  0.00893 

ohm,  we  have: 

e  -  0.00893  X  600  -  5.4  volts, 

which,  added  to  250,  shows  that  the  generated  e.  m.  f.  at  rated 
load  would  have  to  be  255.4  volts,  without  considering  armature 
reaction.  This  is  represented  by  the  point  O  on  the  saturation  curve; 
hence  13,500  ampere-turns  are  required  to  generate  this  e.  m.  f. 
In  other  words,  at  rated  load  and  speed,  assuming  the  terminal 
voltage  to  remain  the  same  as  at  no  load,  we  require  13,500  ampere- 
turns  upon  the  field,  assuming  armature  reaction  absent. 

As  it  is  often  convenient  to  check  the  dimensions  of  an  armature 
conductor  in  a  preliminary  design  by  means  of  this  voltage-drop, 
Table  XIII  is  herewith  given : 

TABLE  XIII 
Voltase-Drop  as  Related  to  Output  in  Shunt  and  Compound  Machines 


Value  or  e  as  a  Percbntaok  or  Rated- 

OxJTFOT  or  Machinb 
(in  kilowatu) 

LoAD  Terminal,  e.  m.  f. 

Shunt  Machines 

CoMpouKo  Machines 

5 

7 

10 

10 

6 

8 

25 

5 

7 

50 

4 

6 

100 

3.5 

5 

200 

3 

4 

500 

2.5 

3 

1,000 

2 

2.5 

2,000 

1.5 

2 

With  regard  to  the  demagnetizing  ampere-turns  of  the  armature, 
we  know  that  in  general  these  are  the  ampere-turns  lying  within  twice 
the  angle  of  brush  lead.  Assuming  the  brushes  to  be  set  just  under 
the  pole-tips  at  rated  load,  the  demagnetizing  ampere-turns  will  be 
the  number  of  armature  conductors  lying  between  adjacent  pole- 
comers,  multiplied  by  the  current  in  them. 
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These  ampere-turns  are  multiplied  by  the  leakage  coefficient 
(because  they  have  to  be  neutralized  by  the  field -winding);  the  result 
is  added  to  X^,  and  set  off  on  the  diagram  as  A",  (Fig.  150).  By 
projecting  this  up  to  the  curve,  the  point  F  is  obtained,  which  cor- 
responds to  the  necessary  e.  ra.  f. 

Example.  In  the  case  previously  considered,  the  number  of  slots  lying 
between  pole-tips  is, 

and  in  each  slot  there  are  four  conductors,  each  carrying  100  amperes  at 
rated  load.  Hence  the  demagnetizing  ampere-turns  of  the  armature  at 
rated  load  per  pole  (assuming  that  the  brushes  are  moved  right  under  the 
pole-tips,  and  that  the  leakage  coefficient  is  1.17),  are: 
6.8  X  4  X  100  X  1.17  -  2,715. 
Adding  these  ampere-turns  to  X-i,  we  get  Xs  =  16,200  as  the  total  ampere- 
turns  required  at  rated  load,  assuming  that  there  is  no  drop  in  voltage  caused 
by  diminished  permeability  in  the  teeth  at  the  forward  pole-horn  due  to  dis- 
tortion of  the  flux. 

With  a  smooth-core  armature,  the  flux  distortion  in  the  air-gap 
does  not  produce  a  diminution  in  the  terminal  voltage  of  the  machine; 
but  with  toothed  armatures,  allowance  must 
be  made.  In  Fig.  151,  let  AB  represent  the 
width  of  the  pole-face  to  scale,  and  EF  the 
flux-density  in  the  air-gap  B^.  Then  the 
area  ABCD  is  proportional  to  the  useful  flux 
<f>^,  and  at  no-load  we  may  regard  this  flux 
as  being  uniformly  distributed  along  the 
air-gap  as  indicated  by  said  rectangle.  As- 
suming the  permeability  of  the  teeth  to 
be  constant,  and  laying  off  AH  as  the  flux- 
density  at  the  hind  ward  pole-horn,  and  BO 
as  the  flux-density  at  the  forward  pole-horn 
(the  flux  being  heaped  up  in  the  latter  at     Fi«r- isi-  corrv  Showing  r«- 

.111  j-.ii  e  iL*  \      lation  between  PreasureDrop 

rated  load,  and  withdrawn  from  the  former),  and  pioz-DistorUon  in  Air- 
the  line  HFG  would  represent  the  flux- 
density  variation  from  point  to  point  in  the  air-gap,  and  the  area 
AHGB  would  be  equal  to  the  area  ABCD,  since  the  permeability  of 
the  air-gap  is  constant.  But  the  increased  flux-density  at  the  for- 
ward pole-horn  causes  the  permeability  of  the  teeth  at  this  point  to 
have  a  much  lower  value    than  it  has  with  the  flux-density  B^, 
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while,  on  the  other  hand,  the  permeabiUty  of  the  teeth  under  the 
hindward  pole-horn  has  increased  on  account  of  the  diminished  flux- 
density  in  them.  As  a  result,  the  Une  HFG  takes  the  bent  form 
shown  by  the  curve  KFL,  and  the  shape  of  this  curve  is  the  same  as 
that  of  the  magnetization  curve  over  this  range.  As  can  readily  be 
seen  from  the  figure,  the  area  AKLB  is  considerably  less  than  the 
area  AHGB;  that  is,  there  is  a  diminution  of  the  useful  flux  0a>  ^^^ 
consequently  a  corresponding  voltage  drop,  which  will  as  a  rule  be 
greater,  the  higher  the  flux-density  in  the  teeth. 

One  way  to  estimate  the  number  of  ampere-turns  needed  to  com- 
pensate the  ef- 
fect produced  by 
the  distortion  of 
the  useful  flux,  is 
as  follows: 

In  Fig.  152, 
letOL  be  the  mag- 
netization curve  of 
the  machine,  the 
ampere- turns  re- 
quired for  no-load, 
and  those  for 
rated-load  in- 
duced e.  m.  f .  at  no 
load  (and,  there- 
fore, without  the  extra  allowance  for  distortion)  being  setoff  upon  its 
scale  of  abscissae  OX,  as  X^  and  X^,  respectively,  these  having  been 
estimated  as  shown  in  Fig.  150.  Now,  upon  OX,  mark  off  OA  and 
OB  as  shown  in  the  figure.  The  point  A  then  represents  the  hind- 
ward  pole-horn,  and  the  point  B  the  forward  pole-horn.  Had  the 
distortion  been  absent,  the  ampere-turns  required  to  produce  E^ 
volts  would  have  produced  a  flux  across  the  gap  proportional  to  the 
area  of  the  piece  ABCD.  But,  as  the  distortion  is  present,  the  flux 
is  proportional  to  the  smaller  area  ABLK.  Hence,  we  shift  the 
point  F  higher  up  the  curve  to  a  point  such  as  F',  so  that  the  area 
A'B'L'K'  equals  the  area  ABCD.  This  gives  a  new  point  X^  along 
OX,  representing  the  rated-load  ampere-turns  required.  Conse- 
quently, for  a  compound-wound   machine,  the  series  ampere-turns 


Pig.  152.    Calculating  Ampere-Turns  Required  to  Compensate 
for  Distortion  of  Useful  Field. 
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must  be  X^  —  X^,  and  the  shunt  ampere-turns  X^,  in  order  that  the 
terminal  volts  may  be  OV  at  rated  load.  If  the  machine  is  shunt- 
wound,  the  resistance  of  the  shunt  rheostat  must  be  capable  of  re- 
ducing X^  ampere-turns  to  A',  ampere-turns.  And  if  there  are  to 
be  neither  series  turns  nor  shunt  regulator,  the  drop  from  rated  load 
to  no  load  would  be  0£,  —  OK  at  constant  speed. 

Applying  this  reasoning  to  the  machine  under  consideration, 
we  have,  for  the  ampere-turns  under  one  pair  of  poles: 

^oX  124X4x100-6,500. 

The  first  factor  being  the  slots  under  each  pole,  the  second  the 
number  of  inductors  per  slot,  and  the  third  the  current  per  in- 
ductor, we  set  off,  therefore,  6,500  ampere-turns  on  each  side  of 
the  point  X,  (Fig.  150),  and  obtain  thus  the  points  A  and  B, 
which  represent  the  hindward  and  forward  pole-horns  respectively. 
If  the  distortion  of  the  main  flux  were  absent,  the  area  of  the  rectan- 
gle ABCD  would  be  proportional  to  it.  But  as  this  is  not  so,  it  is 
proportional  to  the  smaller  area  ABLK.  In  order  to  make  this  latter 
area  equal  to  that  of  the  rectangle,  we  must  shift  the  point  F  higher 
up  on  the  cur\*e  to, the  position  F\  so  that  area  A'B'L'K'  -  area 
ABCD.  In  this  manner  we  obtain  the  point  X^t^s  the  necessary 
ampere-turns  at  rated  load.     Its  value  is:  A'^=  16,800. 

The  method  just  discussed  for  predetermining  the  series  (com- 
pound) winding  needed  to  give  constant  terminal  e.  m.  f.  at  all 
loads  between  zero  and  rated  load,  may  easily  be  extended  to  the 
case  of  over-com|X)unding,  by  adding  to  the  calculated  voltage- 
drop  in  the  machine  the  required  increase  in  terminal  voltage. 

This  method,  although  one  of  the  most  satisfactory,  does  not 
permit  of  great  accuracy;  but  fortunately  this  is  not  important.  By 
designing  the  shunt  regulator  liberally,  and  by  placing  a  shunt  across 
the  series  field-coils,  the  desired  result  may  be  reached  by  trial.  This 
is  in  fact  the  practice  of  almost  all  dynamo  builders. 

The  possible  discrepancies  lietween  calculations  thus  made  and 
results  of  actual  test,  are  shown  by  the  following  values  of  the  ampere- 
turns  required  at  no-load  and  at  rated  load,  as  determined  by  the 
manufacturers  of  the  machine  we  have  been  discussing: 

OcTPUT  Calcclatkd  Valoe«  Actual  Valobs 

No-load  13,400  13,000 

Rated-load  16,800  16,300 
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The  difference  was  caused,  no  doubt,  by  the  fact  that  better  quality 
of  iron  was  used  in  the  machine  than  that  for  which  the  ampere-turns 
were  computed. 

EXPERIMENTAL  DETERMINATION  OF  CHAR- 
ACTERISTIC CURVES  OF  CONTINUOUS- 
CURRENT  GENERATORS 

Dr.  John  Hopkinson,  in  1879,  first  suggested  that  the  behavior 
of  a  generator  could  best  be  studied  from  a  curve  representing  the 
relation  between  the  e.  m.  f.  and  current  of  the  machine  at  different 
loads.  In  1881,  M.  Marcel  Deprez  elaborated  Hopkinson's  method 
and  gave  the  name  of  characteristics  to  these  curves. 

At  present  the  characteristics  most  commonly  developed  are; 

(1)  Magnetization 
curve. 

(2)  External  charac- 
teristic. 

(3)  Curve  of  flux  dis- 
tribution (explained  on 
page  39). 

Experimental 
Magnetization  Curve. 

The  method  of  prede- 
termining the  magnet- 
ization curve  of  any 
continuous-current 
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Fig.  153.  Fig.  154. 

Curves  Showing  Effects  of  Residual  Magnetism  on   the    generator     Was    ex- 
Magnetlzation  Curve  of  a  Dynamo.  i    •      j  i  oe 

plained  on  page  Ido. 

The  magnetization  curve  of  a  dynamo,  however, can  be  determined 
experimentally  by  driving  it  at  rated  speed,  and  observing  the  voltage 
at  the  terminals  for  different  values  of  the  current  sent  through  the 
field-winding  from  some  outside  source.  Figs.  153  and  154  are 
typical  magnetization  curves  of  a  30-kw.  generator;  Fig.  153  shows 
the  magnetization  curve  of  the  machine  when  its  field  is  wound  with 
many  turns  of  fine  wire  {i.e.,  a  shunt  dynamo);  and  Fig.  154  shows 
the  magnetization  curve  of  the  same  machine  when  its  field  is  wound 
with  a  few  turns  of  coarse  wire  {i.e.,  a  series  dynamo). 

Depe7tdence  of  the  Magnetization  Curve  upon  Speed.     When  the 
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magnetization  curve  of  a  dynamo  has  been  determined  for  a  given 
speed  (n),  the  cur\'e  for  any  other  speetl  (n')  can  be  found  by  multiply- 
ing the  ordinates  of  the  given  curve  by  n'n-n.  This  is  evident  when 
we  consider  that  the  flux  <f>^  has  a  definite  value  for  each  value  of 
held  current,  so  that  the  generated  e.  m.f.is  proportional  to  the  speed. 

Effect  of  Re- 
sidual Magnetism. 
When  the  field-ex- 
citing current  of  a 
generator  is  zero, 
the  flux  in  the  arm- 
ature is  in  general 
not  zero,  on  account 
of  residual  magnet- 
ism. This  effect  is 
indicated  in  Figs. 
153  to  155,  for  it 
is  seen  here  that 
when  the  field-ex- 
citing current  is 
zero,  the  generated 
e.  m.  f.  has  a  defi- 
nite value. 

Effect  of  Hys- 
teresis. On  account 
of  hysteresis  in  the 
iron  portions  of  the  " 
magnetic  circuit.  Fig. iss 
the  flux  in  the  arm- 
ature, and  hence  the  no-load  terminal  voltage,  corresponding  to  a 
given  value  of  the  field-exciting  current,  is  smaller  when  the  latter  is 
increasing  than  when  it  is  decreasing.  Therefore  the  magnetization 
cur\'e  of  a  dynamo  for  increasing  field-current,  is  slightly  lower  than 
that  for  decreasing  field-current,  as  shown  in  Fig.  l.>5.  This  effi*ct 
of  hysteresis  upon  the  magnetization  cur\'e  of  a  generator  is  usually 
ignored  in  discussing  the  relation  to  other  characteristic  curves.  In 
fact,  the  effect  of  hystere.sis  is  gn'utly  dimini.she<l  in  practical  operation, 
inasmuch  as  the  mechanical  vibrations  of  tlie  machine  and  the  slight 
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pulsations  of  armature  and  field  currents,  cause  the  flux  to  settle 
to  a  normal  value. 

External  and  Other  Characteristic  Curves.  The  external  char- 
acteristic curve  of  any  dynamo-electric  machine  is  a  curve  repre- 
senting the  relation  between  the  terminal  voltage  of  the  machine 
and  the  external  load  in  amperes.  Besides  the  external  characteristic 
curve,  the  total  characteristic  curve,  and  the  ampere-ohm  character- 
istic curve  are  sometimes  considered.  The  former  represents  graph- 
ically the  relation  between  the  generated  e.  m.  f.  of  the  machine  and 
the  armature  current,  while  the  latter  shows  the  relation  between  out- 
put of  the  machine  in  amperes  and  resistance  of  the  external  circuit. 

Inasmuch  as  the  characteris- 
tic curves  of  the  series,  shunt,  and 
compound  generators  differ  marked- 
ly from  one  another,  those  pertain- 
ing to  each  type  will  be  considered 
separately. 

Characteristic  Curves  of  Mag- 
neto and  Separately=Excited  Ma- 
chines. In  the  magneto  machine, 
the  permanent  magnetism  of  the 
steel  may  be  considered  approxi- 
mately constant,  and  the  same  con- 
dition would  obtain  in  a  separately- 
30  excited  machine  if  the  field-current 
were  kept  constant.  Owing,  how- 
ever, to  the  reactions  of  the  arma- 
ture when  the  current  flows  therein,  the  useful  flux  and  terminal 
voltage  are  decreased.  In  Fig.  156  are  given  the  results  of  tests  upon 
a  separately-excited  dynamo.  The  line  E  represents  the  generated 
e.  m.  f.  of  the  machine  when  operated  on  open  circuit  at  rated  speed 
and  field-current.  The  line  V  shows  the  terminal  voltage  which 
would  be  obtained  if  armature  reactions  were  absent,  and  only  arma- 
ture and  brush  drop  were  in  evidence.  The  curved  line  B  represents 
the  actually  observed  values  of  the  terminal  voltage  when  different 
currents  were  drawn  from  the  machine.  The  pronounced  droop  at 
the  lower  end  of  the  latter  curve  is  probably  due  to  the  greater  de- 
magnetizing effect  when  there  is  a  considerable  lead  at  the  brushes. 
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The  characteristic  shows  sucli  a  downward  curvature  more  definitely 
when  the  field-magnets  are  weakly  excitetl. 

Characteristic  Curves  of  Series-Wound  A\achines.  The  char- 
acteristic  cur\'e  of  a  series  generator  may  be  determined  experimentally 
by  driving  the  machine  at  constant  speed,  and  obser\'ing  correspond- 

■^Oi    I  II ing  values  of  current  output  and 

terminal  voltage  for  different  re- 
i^Qi    .  ■■  ill  ■   i  y  n    ww\  ^  V  \  ^  sistances  in  the  external  circuit. 
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Fig.  157.    Characteristic  Curves  of  a 

Series- Wouml  (teiienitor  at 

Dlffereut  Speeds. 


Fig.  liSiD.    Effect  of  Itesldaal  MAgnetism  on 

Characteri.Ht  lo  Carre  of  a  &ries- 

Wound  Generator. 


External  Characteristic  Curve.  Fig.  157  represents  the  external 
characteristic  curves  of  an  "A"  Gramme  machine,  series-wound,  at 
two  different  armature  speeds.  As  is  seen  from  the  shape  of  the 
cur\'es,  the  e.  m.  f.  increases  at  first  with  the  current,  due  to  the 
increase  in  magnetization  of  the  field-magnets.  As  the  parts  of  the 
magnetic  circuit,  with  increase  of  load,  approach  saturation,  the  re- 
actions of  the  armature  and  I  R  drof)s  become  of  relatively  greater 
im|X)rtance;  the  result  is  that  thecur\'e  flattens  out  and  finally  lx*nds 
downward. 

Total  Char  acteristic  Curve.  The  total  characteristic  cur\*e 
shown  in  Fig.  15S  was  plotted  from  the  extenial  characteristic  in  the 
following  manner:  Knowing  tliat, 

^  -  V  -h  (r.  +  fuT  +  ffc  )  /.  -  V  -I-  «  /.  , 

*ni«e«& 
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and  since  the  armature  and  external  currents  of  this  type  of  generator 
are  equal,  we  plot  the  values  of  Ig^R  for  various  values  of  7^,  obtain- 
ing the  straight  line  OB  in  the  figure.  Adding  to  each  ordinate  of 
the  external  characteristic  curve,  the  corresponding  value  of  the  Igji 
drop  thus  found,  we  obtain  the  total  or  internal  characteristic  as 
shown. 

The  effect  of  residual  magnetism  upon  the  external  and  total 
characteristic  curves  of  a  series-wound  generator  causes  the  curve 
to  intersect  the  axis  of  volts  above  the  origin,  as  indicated  in  Fig. 
158;  that  is,  at  zero  external  current,  and  hence  zero  field-exciting 
current,  an  e.  m.  f.  is  generated  in  the  armature  of  small  value, 
as  already  explained.     Thus  a  series  generator  is  self-starting. 

Relation  between  Magnetization  Curve  and  Total  Characteristic 
Curve  of  a  Series-Wound  Generator.  If  it  were  not  for  the  demag- 
netizing action  of  the  armature  current  on  the  field,  the  total  char- 
acteristic curve  of  a  series-wound  generator  would  be  almost  identi- 
cal with  the  magnetization  curs^e.  The  effect  of  the  armature  cur- 
rent is,  however,  either  to  reduce  inducing  flux  and  therefore  the 
generated  voltage  which  corresponds  to  a  given  field-exciting  current, 
or  to  necessitate  an  increased  field-exciting  current  to  give  the  re- 
quisite terminal  voltage. 

Dependence  of  the  Characteristic  Curve  on  Speed.  Since  the  flux 
has  a  definrte  value  for  a  given  value  of  current  output  of  a  series- 
wound  generator,  and  therefore  independent  of  the  speed,  the  gen- 
erated voltage  is  proportional  to  the  speed  for  a  given  value  of  the 
output  current.  The  external  characteristic  curve  corresponding 
to  the  speed  n'  may  in  consequence  be  derived  from  the  external 
characteristic  curve  corresponding  to  the  speed  n,  as  follows:  Add 
IR  to  each  ordinate  of  the  given  characteristic,  thus  finding  the  total 
characteristic  for  the  same  speed  n.*  Then  multiply  the  ordinates 
of  this  characteristic  curve  by  n'-i-n,  thus  finding  the  total  character- 
istic curve  for  the  speed  n'.  Subtract  IR  from  each  ordinate  of  this 
curve,  thus  obtaining  the  external  characteristic  curve  for  the  speed  n'. 

Drooping  of  the  External  Characteristic  Curve.  It  would  seem 
as  though  the  useful  flux  entering  the  armature  teeth  of  a  series- 
wound  generator  should  increase  more  and  more  with  the  current 
output  of  the  machine.     As  a  matter  of  fact,  the  effect  of  magnetic 

*  n  =  Initial  speed;  n'  --  Final  speed. 
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leakage  around  the  armature  caused  by  the  reactions  of  the  ar> 
mature  current,  is  to  cause  this  useful  flux  actually  to  decrease  in 
value  when  the  current  output  is  excessive,  especially  if  the  iron  in  the 
field-circuit  becomes  saturated  before  that  in  the  armature  circuit. 
This  decrease  in  the  useful  flux  entering  the  armature  means  an 
actual  decrease  in  the  generated  e.  m.  f. ;  and  of  course  the  terminal 
voltage  falls  off,  though  more  than  that  generated  on  account  of 
/»Rdrop,  as  shown  in  Figs.  157,  158,  and  159. 

Fig.  159  shows  the  external  characteristic  curve  (full  line),  and 
total  characteristic  curve  (dotted  line),  of  a  Wood  arc-light,  series- 
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Fig.  100.    Cbaracterl.mic8  of  a  Shunt 
Dynamo. 


wound  generator,  with  its  governing  device  for  maintaining  a  current 
of  nine  amperes  disconnected  (as  indicated  by  the  broken  line  p7). 

Characteristic  Curves  of  Shunt-Wound  Generators.  The  exter- 
nal characteristic  curve  of  the  shunt-wound  generator  is  determined 
experimentally  by  running  the  machine  at  rated  speed  and  noting 
the  terminal  voltage  for  various  values  of  the  external  current. 

External  and  Total  CharacteriMic  Curves.  The  full  line  in  Fig. 
160  represents  the  external  characteristic  curve  of  a  typical  shunt- 
wound  generator,  the  portion  cc  being  that  part  upon  which  machines 
of  this  tj'pe  are  usually  opera te^l. 

The  total  or  internal  characteristic  curve  Ls  shown  by  the  broken 
line  in  the  same  figure,  and  is  calculated  from  the  external  character- 
istic curve  as  follows:    Consider  a  point  upon  the  external  cha> 
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acteristic  curve.  The  corresponding  point  upon  the  total  charac- 
teristic curve  is  found  by  increasing  the  abscissa  by  the  value  of  the 
shunt  current  so  as  to  obtain  the  armature  current,  and  by  adding 
to  the  ordinate  the  voltage-drop  in  the  armature  and  brush  contacts 
to  get  the  generated  e.m.  f. 

These  are  seen  to  differ  radically  from  the  corresponding  curves 
of  the  series-wound  machine.  The  figure  shows  that  the  curves 
begin  at  a  point  where  the  terminal  and  generated  volts  are  maximum, 
and  descend  slightly  at  first  and  then  rapidly,  finally  returning  in  the 
direction  of  the  origin,  but  cutting  the  axis  of  abscissae  before  reaching 
it.  The  straight  portion  of  the  curve,  after  the  bend,  represents  the 
unstable  state  when  the  shunt  current  is  less  than  its  true  critical 
value.  The  slope  of  the  line  which  constitutes  the  latter  portion  of 
this  characteristic,  represents  for  this  particular  speed,  that  external 
resistance  below  which  the  magnets  lose  their  magnetism  at  once. 

The  effect  of  residual  magnetism  upon 
the  external  characteristic  curve  of  a  shunt- 
wound  machine  is  to  cause  it  to  intersect 
the  ampere-axis  to  the  right  of  the  origin, 
as  indicated  in  Fig.  160. 

Voltage-Speed  Characteristic  Curve  of 
Shunt  Generator  at  No-Load.  The  rela- 
0-6  tion  between  the  speed  of  a  shunt  gener- 
ator and  its  voltage  is  much  more  compli- 
cated than  in  the  case  of  the  separately 
excited  or  series-wound  machines,  since  a 
higher  speed  increases  the  generated  e.  m. 
f.  It  thus  causes  a  greater  exciting  cur- 
rent to  flow  in  the  field-windings,  resulting 
in  a  still  higher  value  of  machine  voltage 
until  practical  saturation  is  reached.  We 
may  construct  the  curve  showing  this  relation  from  the  magnet- 
ization curve  of  the  machine,  as  follows:  Let  OA,  Fig.  161,  be 
the  magnetization  curve  of  a  shunt-wound  machine  at  a  speed  n. 
Draw  the  straight  line  OB,  of  which  the  abscissae  represent  values 
of  the  shunt  field-exciting  current  /sh>  and  the  ordinates  represent 
values  of  the  voltage  rgh^sh  required  to  produce  the  corresponding 
values  of  /gh-      The  co-ordinates  of  the  point  of  mtersection  of  OA 


iZ 


1.0 
D 

o.a 


0.4 

C 

0.2 


Ig.  161.    Relation  between 
Voltage  and  Speed  In 
Shunt  Generator. 
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and  OB  will  then  represent  the  values  of  E,  which  is  practically  ecjual 
to  K  at  no  load,  and  to  Ig^  when  the  machine  is  driven  at  speed  n. 

Draw  the  line  CD  perpendicular  to  the  axis  of  abscissee,  and 
draw  the  lineOP  through  P  until  it  intersects  this  vertical  line.making 
PQ  =  E.  The  point  of  intersection  of  OP  and  CD  then  represents 
the  value  of  fgh  at  the  speed  n.  Now  lay  off  on  CD  a  scale  of  values 
of  r,h,  taking  the  actual  value  of  fgh  at  speed  n  as  unity. 

Now  suppose  it  is  required  to  find  the  value  of  E  for  a  speed  n' 
=  n  -r  1.2.  As  a  first  step,  imagine  that  the  value  of  rgj,  is  increased 
from  unity  to  1.2,  the  speed  meanwhile  remaining  constant.  Under 
these  conditions,  we  have  E'  =Q'  P'. 
Now  imagine  this  increased  value  of 
fghi  and  the  original  speed  n,  to  be 
both  decreased  in  the  ratio  1.2:1. 
This  would  bring  r^  back  to  its  orig- 
inal value,  and  would  reduce  the  value 
of  E'  {i.e.  Q'P')  in  the  ratio  1.2:1. 
Therefore  the  required  value  of  the  gen- 
erated e.  m.  f.  at  speed  n'  is  (1  -J-1.2)  Q'P'. 

Fig.  162  shows  a  typical  voltage- 
speed  characteristic  curve  of  a  shunt 
generator  at  zero  load.  If  it  were  not  for  the  effect  of  residual 
magnetism,  this  curve  would  cut  the  speed  axis  at  S.  The  speed 
corresponding  to  S  is  called  the  critical  speed  of  the  given  shunt- 
wound  generator;  and  when  the  speed  is  less  than  this  value,  it 
cannot  build  up  at  all. 

The  critical  speed  may  be  obtained  from  Fig.  161  by  extending 
the  line  tangent  to  OA  atO  (i.e., OB'),  until  it  intersects  CD  produced, 
at  a  point  which  is  equal  to  n  -r-  n";  whence  n"  is  the  critical  speed. 

Relation  between  Magnetization  Curve  and  Total  Characteristic 
Curve  of  a  Shuni-Wound  Generator.  Ijet  us  assume  OA  as  the  mag- 
netization cun'e  of  the  machine  in  Fig.  163,  the  ordinates  of  the 
straight  line  OB  representing  the  values  of  F  =  r^h  hh-  Consider 
any  given  point  P  on  OB.  The  abscissa  OS  is  the  shunt  field- 
exciting  current  /.h.  and  the  ordinate  SP  is  V.  It  remains  to  find 
the  point  P'  on  the  total  characteristic  curve  corresponding  to  P. 

Ijet  n  be  the  number  of  turns  of  wire  in  the  shunt  field-winding, 
and  let  d  be  the  number  of  demagnetizing  turns  on  the  armature, 


Typical  VoltaRe-Speed 
Cbaracierlsilc  of 


Fig.  1«3. 

a  Shunt  Gen- 
erator at  Zero  Current  Output. 
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Amperes  Is  O     Amperes   Ix 


Fig.  163.    Relation  between  Magnetization  Curve  of  a  Shunt 
Dynamo  and  Its  Total  Characteristic  as  a  Generator. 


through  each  of  which  the  entire  armature  current  may  be  considered 
as  flowing.  Then  the  resultant  field-excitation  is  (nigh  —  dl&)* 
ampere- turns,  which  may  be  written  n  (Igh  —  I&d  -r-  n).     It  follows, 

then,   that   the  ac- 
"7  «/«w,  tual  resultant  field- 

excitation  and  the 
actual  value  of  E 
are  such  as  would 
be  produced  by  a 
field-exciting  cur- 
rent equal  to  I^i 
—  Ig^d  -r-  n  acting 
alone;  that  is,  the 
distance  Q  P"  is 
equal  to  I^d  -^  n,  P" 
being  the  unknown 
point  on  the  mag- 
netization curve  corresponding  to  P  Furthermore,  the  ordinate  of 
P"  is,  of  course,  E,  so  that  the  distance  QP  is  equal  to  E  —  V  = 
fa /a-  Now,  as  /a  is  as  yet 
unknown,  but  since  we  have 
PQ  =  ra  /a,  and  QP"  = 
Igjd  -^  n,  it  is  evident  that 
the  direction  of  PP'^  is  in- 
dependent of  7a.  In  fact, 
the  direction  of  PP"  may  be 
once  for  all  determined  by 
laying  off  PM  =  rj^.  and 
MN  =  Igd  -T-  n  for  any  ar- 
bitrary value  of  /a-  The 
line  PN  then  fixes  the  di- 
rection of  PP",  and  the 
point  P"  is  found  at  the  in- 
tersection of  PN  and  OA, 
as  indicated. 

Having  thus  determined  the  point  P",  the  point  P'  on  the  total 
characteristic  curve  which  corresponds  to  the  chosen  point  P,  lies 

•  The  value  of  d  is  equal  to  ^^  X  -r-»  where  «  is  the  angle  of  brush  lead. 
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Fig.  164.    Total  and  External  Characteristic 
Curves  of  Compound- Wound  Generator. 
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on  a  horizontal  line  drawn  thn)ii^h  P",  and  the  abscissa  of  P'  is 
determined  by  the  condition  tliat  the  corre.s|>ondin^  onlinate  of 
SC  shall  be  equal  to  PQ  (  =  fa  /»)•  The  point  P'  thus  determined  is 
most  easily  located  by  drawing  a  line  through  P  f>arallel  to  SC 
Such  a  line  will  intersect  the  horizontal  line  through  P"  at  the  desired 
point  P'. 

Characteristic  Curves  of  Com  pound- Wound  Generators.  The 
compound-wound  generator  has  heretofore  been  treated  as  a  shunt 
d>aiamo  to  which  series  turns  have  l)een  addetl  to  compensate  for  the 
internal  drop,  and  to  raise  the  terminal  voltage  with  load  if  desired. 
Consetjuently  there  is  no  need  now  to  discuss  this  type  of  generator 
minutely. 

Fig.  164  shows  the  external  and  total  characteristic  curves  of  a 
typical  over-compound-wound  generator,  the  terminal  voltage  of 
which  rises  with  increase  of  current  up  to  and  beyond  rated  load. 
The  dotted  portion  of  the  cur\'e  .shows  the  rapid  fall  of  terminal 
voltage  as  the  load  is  still  further  increased,  resulting  from  the  great 
demagnetizing  action  of  the  current  in  the  armature  and  from  the 
decrease  of  that  part  of  the  field-excitation  which  is  due  to  the  shunt 
field-exciting  current. 

The  computation  of  the  number  of  series  turns  has  been  pre- 
viously given,  so  that  nothing  further  remains  to  be  considered. 
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PART  III 


DESIGN  OF  DIRECT-CURRENT  DYNAMOS 


In  considering  the  various  parts  of  continuous-current  generators 
from  a  constnictive  point  of  view,  we  shall  group  the  details  under 
the  following  heads : 

(1)  Construction  of  the  Frame. 

(2)  Construction  of  the  Armature. 

(3)  Commutator  and  Brush  Construction. 

(4)  Construction  of  the  Mechanical  Parts. 

CONSTRUCTION  OF  THE  FRAME 

The  frame  of  continuous-current  machines  is  usually  composed 
of  the  magnet-yoke  or  ring,  the  field-poles  and  their  projections,  and  the 
field-winding. 

Magnet-Yoke.  We  have  seen  that  the  ring  type  of  magnet- 
frame  is  now  generally  used.  It  is  made  either  of  cast  iron  or  cast 
steel  in  continuous-current  machines,  and  in  section  takes  one  of  the 
shapes  of  Fig.  165,  the  poles  projecting  inwardly.  A,  B,  and  C  are 
suited  to  cast-iron;  while  D,  E,  and  F  are  of  cast-steel  construction. 
The  first  two  are  simple  types  which  need  no  explanation.  C  is 
employed  by  the  Crocker-Wheeler  Company,  the  flange  on  either 
side  serving  to  stiffen  the  ring  and  to  protect  the  field  coils.  D  is 
used  by  the  Oerlikon  Company,  and  E  by  the  General  Electric 
Company,  both  designetl  to  secure  stiffness. 

The  choice  between  cast  steel  and  cast  iron  for  the  yoke,  depends 
upon  the  purpose  for  which  the  machine  is  intended  and  the  ideas  of 
the  designer.  The  advocates  of  cast  iron  claim  that  by  its  use  the 
machine  is  made  heavier  in  the  stationary  part,  and  thus  better 
enabled  to  withstand  any  tendency  to  vibrate.  The  other  side  claim 
that  great  weight  is  unnecessary. 
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The  magnet-ring  in  all  but  the  smallest  machines  is  split  in  two 
along  its  horizontal  diameter,  or  sometimes  along  its  vertical  diameter, 
to  facilitate  erection,  inspection,  and  repair  with  respect  to  the  arma- 
ture.    The  two  parts  are  usually  held  together  by  bolts  at  the  side, 


D  E  F 

Fig.  165.    Various  Sections  of  Magnet-Yokes, 

back,  or  interior  of  the  ring,  as  indicated  in  Fig.  166  (a,  b,  c).  One 
or  more  ring-bolts  are  also  placed  at  the  top  or  on  each  side  of  the 
upper  half  in  order  to  make  handling  easy. 

Field=Poles  and  Projections.  The  field-poles  are  generally 
made  of  wrought  iron,  sheet 'steel,  or  cast  steel.  The  magnetic 
properties  of  these  materials  are  given  in  Fig.  112,  Wrought  iron 
and  cast  steel  have  approximately  equal  permeabilities  at  about 
95,000  lines  per  square  inch,  below  which  the  former  is  a  little  superior. 
The  objection  to  the  use  of  wrought  iron,  however,  is  the  difficulty 
of  making  it  in  the  forms  required.  This  may  be  partly  avoided  by 
using  simple  forms  such  as  a  plain  cylinder,  which  can  easily  be  made 
by  forging  or  by  cutting  off  lengths  from  round  bars. 

The  cheapening  and  developing  of  the  process  of  casting  "mild" 
steel  (soft  steel),  with  a  very  small  amount  of  carbon,  has  resulted  in 
the  general  adoption  of  this  material  for  field-magnets.     It  combines 
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high  pcrmcabiHty,  cheapness,  strength,  and  the  ability  to  be  cast  in 


Pig.  IflSo.    Magnet- Yoke  with  Parts  Bolted  Together  at  Back  aud  Front  of  Ring. 

any  reasonable  form.     It  is  certainly  not  economical  to  use  cast  iron 
for  the  cores  of  the  field-magnets,  since  it  recjuires  from  2  to  2.5  times 


Pig.  IflM.    Magnet- Yoke  with  ParU  Bolted  Together  at  Sides  of  Ring. 

the  cross-section  of  wrought  iron  or  steel  for  the  same  reluctance. 
With  a  circular  cross-section,  this  demands  about  1.5  times  the  length 
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of  wire  for  a  given  number  of  ampere-tums ;  and  the  necessary  weight 
of  cast  iron  being  2  or  2.5  times  greater,  makes  it  not  only  clumsy 
but  more  expensive.  For  pole-pieces,  yokes,  field-rings,  bases,  or 
other  parts  not  wound  with  wire,  the  extra  circumference  is  not  so 

objectionable.  Of- 
ten the  increased 
weight  is  positive- 
ly advantageous  in 
giving  greater  sta- 
bility, so  that  cast 
iron  is  still  used 
to  some  extent  in 
these  parts. 

In  joining  cast 
iron  to  wrought 
iron  or  steel,  it  is 
hardly  sufficient  to 
butt  the  two  to- 
gether, as  indi- 
cated in  Fig.  103, 
because  the  permeability  of  a  given  area  of  cast  iron  is  only  about 
one-half  as  great  as  that  of  an  equal  area  of  either  of  these  other 
materials.  Hence,  in  order  to  secure  the  proper  surface  of  contact, 
the  pieces  of  steel  or  wrought  iron  should  be  imbedded  in  the  cast  iron 
by  placing  the  former  in  the  mould  when  the  casting  is  made,  or  the 
cast  iron  may  be  bored  out  to  receive  the  ends  of  the  cores.  Joints 
in  the  magnetic  circuit  are  not  desirable,  because  they  involve  work 
in  fitting,  and  may  cause  looseness  or  weakness — usually  avoidable, 
however,  with  good  workmanship.  On  the  other  hand,  the  common 
idea  that  they  introduce  great  reluctance  is  not  true,  for  we  have  seen 
on  page  12,  that  an  ordinary  joint  is  equivalent  to  an  air-gap  of  about 
0.002  inch,which  is  practically  insignificant,  and  does  not  warrant  the 
making  of  complicated  castings  or  forgings  to  avoid  one  or  two  joints 
in  the  magnetic  circuit,  except  to  simplify  mechanical  construction. 
The  length  of ^the  cores  required  for  a  given  field-magnet  depends 
simply  upon  the  amount  of  field-winding.  The  turns  needed  are 
computed  as  described  on  pages  77-86,  and  the  size  of  wire  from 
pages  86-7.    It   is   sufficient    to   make    the   core  long  enough   to 


Pig.  166c.    Magnet- Yoke  with  Parts  Bolted  Together  on 
Inside  of  Ring. 
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receive  these  turns  properly,  and  expose  sufficient  surface  to  dissipate 
the  heat  generated  by  the  field-current,  to  prevent  excessive  tem- 
perature-rise, as  indicated  on  page  91. 

The  area  of  cross-section  of  the  field-cores  is  determined  by 
the  total  flux  to  be  carried.  A  density  of  13,000  to  16,000  lines  per 
s<|uare  centimeter  (80,000  to  100,000  lines  per  square  inch)  is  about 
the  value  for  cast  steel  or  >\Tought  iron.  The  section  is  either  rec- 
tangular or  circular,  the  latter  being  preferable  on  account  of  ease 
of  winding  coils  for  this  shape,  and  because  a  circle  has  the  least 
circumference  for  a  given  area,  thus  requiring  less  wire.     The  rec- 
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Fig.  187.    Pole^Core  Stampings  aud  Assembled  Pole-Piece. 

tangular  .shape  is  used  where  the  pole-core  is  laminated;  and  with  the 
same  area  as  one  of  circular  cnKss-section,  it  has  more  radiating  sur- 
face, although  more  wire  is  recjuired  for  each  tuni. 

The  field-cores  are  attached  to  the  yoke  in  several  ways.  The 
simplest  method  is  to  cast  them  as  one  piece  or  to  bolt  them  together 
as  indicated  in  D,  E  and  F  of  Fig.  165.  Another  method  is  to  place 
the  cores  of  cast  steel  in  the  mould  when  casting  the  ring  of  cast  iron. 
Sometimes,  for  large  machines,  only  a  portion  of  the  cores  is  cast 
with  the  yoke,  the  rest  being  attached  to  the  pole-pieces  or  shoes 
after  mounting  the  field-coils.  The  two  portions  are  then  held 
together  by  bolts  passing  through  the  pole-shoe. 
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Most  continuous-current  machines  are  designed  with  an  ex- 
tended pole-piece  or  shoe  which  covers  a  greater  surface  than  would 
the  mere  end  of  the  field-core.  Great  attention  has  been  pafd  to  the 
special  shaping  of  these  polar  extensions,  as  noted  on  page  54,  and 

in  most  cases  they  are  constructed  sepa- 
rately and  attached  to  the  cores  while 
assembling  the  machine.  If  the  core  is 
laminated,  the  pole-piece  forms  a  part  of 
the  laminae,  as  shown  in  Fig.  167;  while, 
if  the  core  is  partly  cast  with  the  ring,  and 
the  remainder  bolted  to  it,  as  stated 
above,  the  shoe  forms  a  portion  of  this 
addition. 

An  extended  pole-piece  reduces  the  re- 
luctance of  the  air-gap,  and  the  ampere- 
Fig.  les.  Shaped  Poie-stampings.  turns  needed  in  the  field-winding.    On  the 

other  hand  it  is  well  to  have  the  pole-shoe  itself  well  saturated.  Hence, 
to  fulfil  both  conditions,  either  it  ought  to  be  made  of  a  less  permeable 
material  than  the  pole-core  (if  the  latter  is  cast  steel  or  wrought  iron, 
the  pole-shoe  may  be  of  cast  iron),  or,  if  made  of  stampings  of  wrought 
iron  or  mild  steel,  it  should  be  so  designed  that  its  edges  at  least 
will  be  well  saturated.  This 
can  be  accomplished  as  in- 
dicated in  Fig.  168 — that  is, 
by  omitting  every  other  lam- 
ina in  the  pole-piece. 

Field=Winding.  Coils  for 
field-magnets  may  be  classi- 
fied as  (a)  hchhin-wound,  and 
(6)  form-wound.  With  re- 
spect to  those  wound  on  bobbins,  no  special  instructions  need  be 
given,  except  for  fixing  and  bringing  out  the  ends,  the  insulation,  etc. 
Rectangular  conductors,  while  preferable  where  the  cross-section  of 
the  wire  is  large  and  the  radial  depth  of  winding  is  considerable, 
cannot  always  be  used,  because  special  facilities  are  involved.  Where 
edge-strip  winding  is  possible,  its  use  is  generally  advisable. 

Field-Magnet  Bobbins.  These  are  made  variously  of  brass 
with  brass  flanges,  of  sheet  iron  with  brass  flanges,  of  very  thin  cast 
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JPig.  169.    Field-Magnet  of  Scott  &  Mountain's 
Six-Pole  Generator. 
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iron,  or  sometimes  of  vulcanized  fiber.     Some  makers  use  sheet  metal 
with  a  flange  of  some  hardwood,  such  as  teak,  examples  of  which, 
as  well  as  of  other  conmaon  de- 
signs, are  shown  in  Figs.  1G9, 170, 
171,  and    172.      Care  must  be 
taken   to  line  the  bobbins  with 

adequate    insulating     materials,       

such  as  layers  of  oiled  silk  or  ^^^^W^^B  P|  ^  ^  J 
muslin,  vulcanized  fibre,  or  var- 
nished mill-board.  Great  atten- 
tion must  also  be  paid  to  the 
manner  of  bringing  out  and  se- 
curing the  inner  end  of  the  coil. 
If  a  bobbin  is  simply  put  upon  a 
lathe  to  be  wound,  the  inner  end 
of  the  wire,  which  must  be  prop- 
erly secured,'  requires  to  be 
brought  out  in  such  a  way  that 
it  cannot  possibly  make  a  short- 
circuit  with  any  of  the  upper  layers,  as  it  crosses  them.  A  method 
of  winding  which  obviates  this  difficulty  is  to  wind  the  coil  in  tno 
separate  halves,  the  inner  ends  of  which  are  united,  so  that  Ixjth  ter- 


Flg.  170.    Bectaogular  Types  of  Ventilated 
Pleld-Colls. 


Fig.  171. 


FlK.  17a. 


ClrcQlar  Types  of  VentiUted  Pleld-OoUa. 


minalsof  the  coil  come  to  the  outside.  Fig.  173  shows  such  a  bob- 
bin, this  method  having  also  been  used  in  the  manufacture  of  in- 
duction-coil secondaries,  for  which  it  is  desirable  to  keep  the  ends 
away  from  the  iron  core  and  from  the  primary  coil . 

Again,  the  winding  may  be  piled  up  conically,  as  in  Fig.  174, 
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Fig.  173.    Bobbin  with  Both  Ends  at 
Outside. 


without  any  end-flanges,  thus  avoiding  some  of  the  risks  of  break- 
down, and  bringing  both  free  ends  to  the  outside.     In  winding  copper 

strip  for  some  continuous-current 
machines,  a  similar  plan  has  been 
adopted,  the  union  of  the  two  strips 
being  effected  at  the  interior  of  the 
coil,  as  indicated  in  Fig.  175.  In 
still  another  type  of  continuous-cur- 
rent generator,  the  field-cores,  which 
are  removable,  are  themselves  shaped 
to  serve  as  bobbins,  and,  after  being 
covered  with  a  protecting  layer  of 
insulating  material,  are  wound  in 
a  lathe,  as  illustrated  in  Fig.  176. 

Form-wound  coils  are  made  upon  a  block  of  wood  or  a  brass 
frame,  to  which  temporary  flanges  are  secured  to  hold  the  wires 
together  during 
winding.  Such  coils 
have  pieces  of  strong 
tape  wound  in  be- 
tween the  layers  and 
lapped  at  intervals 
so  as  to  bind  them 
together.  The  com- 
pleted coil  is  then 
served  with  two  or 
more  layers  of  tape, 
each  separately  soak- 
ed in  insulating  var- 
nish. The  whole  coil 
is  soaked  in  an  in- 
sulating varnish  and 
then  baked  in  an 
oven,  current  being 
simultaneously  sent 
through  the  wire  to  insure  interior  drying.  Figs.  177,  178,  and  179 
illustrate  form-wound  coils;  while  Figs.  171,172,  and  180  represent 
bobbin-wound  types. 


Fig.  174.    Brown's  Piled  High-Voltage  Coil. 


Fig.  175.    Strip- Wound  Coll.; 
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Bringing  OtU  and  Fixing  Ends.  Figs.  181  and  182  illustrate 
common  means  for  bringing  out  the  ends  of  coils.  In  Fig.  181 ,  copper 
strip,  laid  behind  an  end- 
sheet  of  insulating  ma- 
terial, makes  connection 
to  the  inner  end,  as 
shown  in  the  upper  part 
of  the  figure;  while  an- 
other strip,  shown  simi- 
larly inlaid  in  the  under 
part,  serves  as  a  mechan- 
ical as  well  as  electrical  |  | 
attachment  for  the  outer                Fig.m   wound  Poie<3ore  (AUoth). 


KlK.  177.  Fig.  178. 

end  of  the  winding. 
Another  method, 
shown  in  Fig.  182, 
also  greatly  re- 
duces the  danger 
of  breaking  the 
connection  to  tlie 
interior  of  the  coil. 
Fig.  183  illustrates 
a  simple  device  for 
securing  the  outer 
end  by  means  of 
a  terminal  piece 
laid  upon  the  coil, 

the  last  three  or  four  turns  of  which  are  bared  and  wound  over  it,  a 

permanent  joint  being  obtained  by  soldering. 


Pig.  iw. 
Types  of  Form- Wound  Coila. 
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Fig.  180.    Bobbin-Wound  Coll. 


Insulatixm  of  Field-Magnet  Coils.  It  is  not  necessary  to  use 
any  mica  for  the  insulation  of  field-magnet  bobbins,  several  thick- 
nesses of  paper  preparations  being  more  often  used.     One- tenth  inch 

or  more  thickness,  if  composed  of 
—     JMmiHJl^       several  superposed  layers,  is  gener- 
jj^^^^^JJ^B      ally    adequate.     Varnished    canvas 
^^^^^H|  I      is  useful  as  an  underlay,  and  press- 
^l^^lF^       spahn  or  vulcanized  fibre  for  lining 
the  flanges.     It  is  also   important 
to  protect   the  joint  between   the 
cylindrical  part  of  the  bobbin  and  the  end  flanges. 

The  lagging  of  varnished  cord  with  which  the  completed  coil  is 
usually  covered,  acts  as  a  me- 
chanical protection;  but  this  is 
not  altogether  a  benefit,  since 
it  retards  the  dissipation  of 
heat. 

Attachment  of  Magnet-Coils. 
The  ordinary  mode  of  supporting 
the  field-coils  is  by  means  of  the 
pole-shoe,  which  is  usually  remov- 
able from  the  core.  If  not  so  ar- 
ranged, the  core  and  shoe  to- 
gether are  made  removable.  Some 
machines  are  not  provided  with 
pole-shoes,  in  which  cases  other 
means  must  be  supplied  to  support 
the  magnet-coils.  One  method 
consists  in  screwing  side  brackets 
to  the  end  of  the  core.  Another 
way,  illustrated  in  Fig.  184,  is  to 
provide  triangular  blocks  of  hard- 
wood, which  lie  in  the  space  be- 
tween the  tips  of  two  adjacent 
poles  and  are  secured  to  the  ring 
by  bolts.  Fig.  185  shows  still  an- 
other scheme  for  anchoring  the 
field-coils. 


Fig.  181. 


Mode  of  Bringing  Out  Ends 
of  Colls. 
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CONSTRUCTION  OF  THE  ARMATURE 

Core-Bodies.  The  cores  of  armatures  are  universally  made  of 
lamina^- thin  discs — of  wrought  iron  or  mild  steel,  lliese  discs  are 
stamixnl     out    of 

sheet   metal,   and  &^ 

range  from  0.014 
inch  to  0.025  inch 
in  thickness,  the 
former  thickness 
being  that  often 
usc<l  at  the  pres- 
ent time.  Core- 
discs  up  to  about 
30  inches  in  diam- 
eter are  punched 
in  one  piece;  while 
larger  diameters  are  stamped  out  in  sections  (Fig.  186),  and  the 
core  built  up  as  indicated  in  Fig.  187,  alternating  the  joints.  These 
stampings  are  now  so  accurately  made,  that,  after  assembling  the 

discs  into  a  core,  the  slots 
nee<l  not  be  milled  out 
as  was  formerly  neces- 
.sar\'.  Milling  is  most  ob- 
jectionable, because  it 
burrs  over  the  edges  of  the  discs  and  defeats  the  purpose  of  lamination 
by  connecting  adjacent  discs  and  facilitating  the  flow  of  tildy 
currents.     For  the  same  reason,  turning,  after  assembling,  also  tends 


Pig.  183    Ganz's  Method  of  Bringing  Oat  Ends  of  Colls. 


il 


Fig.  183.    Coil  Terminal  Piece. 


^"'^ 


Fig.  181.    M«>thod  of  Anchoring  Coils. 


^ 


Fig.  186.    Another  Method  of  Sup- 
porting ColU. 


to  increase  the  iron  losses.     Hence,  if  it  is  found  that  the  periphery 
of  the  core-lxxly  is  irregular,  it  should  be  ground  true. 

The  core-discs  are  insulated  from  each  other  either  bv  a  thin 
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coating  of  iron  oxide  on  the  discs,  a  thin  coating  of  water-glass  enjimel 
applied  to  the  sides  of  the  discs  by  a  machine,  or  a  thin  coating  of 
japan  varnish  similarly  applied.  Sometimes  shellac  or  paper  is  used 
for  insulating  these  laminae;  but  on  account  of  the  greater  expense 
and  the  fact  that  the  efficiency  is  only  slightly  bettered,  the  latter 

are  applied  only  in 
special  cases. 

Shapes  of  Arm- 
ature Teeth.  A 
common  form  of 
armature  tooth  is 
that  depicted  in 
Fig.  188,  being 
slightly  narrower 
at  the  root  than 

Fig.  186.    Core-Segments  and  Ventilating  Segments,  Stamijed.       +  +U     *         *>, 

suiting  slot  having  parallel  sides.  Fig.  189  illustrates  a  form  in  which 
the  tops  are  slightly  extended  to  give  a  larger  magnetic  area  at  the 
top,  thus  decreasing  the  reluctance  of  the  air-gap,  and  helping  to 
retain  the  conductors  in  the  slots  by  the  insertion  of  a  wedge  of 
wood.     The  latter  object  is  attained  by  notching  the  teeth  as  in 


Fig.  187.    Core  Built  of  Segments. 


Fig.  188.    Teeth  wim  Parallel  Slots. 


Fig.  190,  in  case  it  is  not  desirable  to  increase  the  area  of  the  top  of 
the  tooth. 

End  Core-Plates.  It  is  usual  to  place  at  the  ends  of  the  core, 
plates  of  sheet  iron  of  a  greater  thickness  than  the  laminae,  so  as  to 
support  and  protect  the  latter.  They  are  usually  0.125  inch  thick, 
and  sometimes  ribbed  to  give  added  stiffness. 

Binding-Wire  Channels.  In  machines  using  binding  wires 
to  hold  the  armature  conductors  in  the  slots,  it  is  usual  to  stamp  some 
of  the  core-discs  of  slightly  reduced   diameter  so  that  the  binding 
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wires  may  be  flush  with  the  surface  of  the  armature.  Tlie  reduction 
is  seldom  more  than  \  inch  on  the  diameter,  giving  a  channel  not  over 
J  inch  deep.  The  width  is  determined  by  the  number  and  size  of  the 
binding  wires  (see  page  131). 

Mounting  of  Core-Discs.     Some  mechanical  means  must  be 
provided  to  hold  the  core-discs  together,  and  to  connect  them  rigidly 


Fig.  IM.    Teeih  wiih  Projecting  Tops.  Klg.  Ifla    Notched  Teeth,  to  Hold  a  Wedg«. 

to  the  shaft,  llie  methods  may  be  broadly  divided  into  two  classes, 
depending  on  whether  the  discs  are  keyed  directly  to  the  shaft,  or 
to  some  auxiliary  support  attachc<l  to  the  shaft. 

In  the  case  of  small  cores  not  excee<ling  15  inches  in  diameter, 
the  core-discs  take  either  of  the  forms  shown  in  Figs.  191  and  192, 
the  latter  being  preferable  on  account  of  increased  ventilation.  These 
laminsr  are  simply  keyed  to  the  shaft,  lx?ing  held  together  under 


r^.  «n. 


Pig.  in. 


Furms  of  Armature  Core- Disc*. 

heavy  pressure  by  end-plates  of  cast  steel  or  cast  iron,  which  are  in 
turn  pressed  inward  either,  by  nuts  fitting  in  threads  upon  the  shaft, 
or  by  IniUs  passing  through  but  insulated  from  the  armature  discs 
and  end-plates. 

Large  cores  in  which  the  discs  arc  made  in  sections,  or  for  which 
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the  material  of  the  core  near  the  shaft  is  not  required,  are  built  upon 
an  auxiliary  support  called  a  spider,  which  has  different  forms,  depend- 
ing on  the  mode  of  attachment  between  it  and  the  core-discs.  Fig. 
193  shows  the  discs  held  together  and  to  a  skeleton  pulley,  or  spider, 


Fig.  193.    Core-Discs  Bolted  to  Spider.  Fig.  194.    Bolts  Placed  Internal  to  Core. 

by  bolts  passing  through  them,  the  spider  being  keyed  to  the  shaft. 
The  objection  to  this  construction  is  the  fact  that  the  bolt-holes 
reduce  the  effective  area  of  the  core,  thus  strangling  the  magnetic 

D  D  D 


Fig.  195.    Mounting  of  Large  Armature  Core. 

flux.  This  may  be  overcome  by  placing  the  bolts  internal  to  the 
core,  as  in  Fig.  194,  in  which  case  they  need  not  be  so  well  insulated. 
Another  arrangement  which  is  more  modem,  is  to  provide  the  discs 
with  dovetail  notches  or  extensions,  fitting  into  extensions  or  notches 
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on  the  spider  arms,  as  in  Fig.  195.  The  sectional  view  shows  the 
method  of  holding  the  iamiiui>  together  by  means  of  bolts  and  end- 
plates,  also  the  extension  {R  R)  for  supporting  the  end-connections 
of  a  barrel-winding. 

The  hubs  of  armature  spiders, 
in  order  to  facilitate  fitting  the 
shaft,  are  usually  cleared  out  be- 
tween their  front  and  back  bear- 
ing surfaces;  and  in  larger  sizes, 
the  seating  on  the  shaft  is  often 
turned  to  two  different  sizes  to  ad- 
mit of  easier  erecting,  as  in  Fig.  196. 

Figs.  197  and  198  show  a  spider 
and     other    features   of    construe-     ^«  '**•    Con«trucUon  or  Armature  Hub. 

tion  of  a  large  machine.  The  rim  is  cut  into  six  pieces,  each  of  which 


Fig.  197.    Spider  (or  Bullock  AmiAtare. 


has  four  dovetail  notches.     If  cast  in  one  piece,  trouble  might  arise 
from  unequal  strains  in  the  metal,  due  to  contraction.     N'entilating 
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apertures  are  provided,  and  on  the  side  of  each  arm  (Fig,  197)  are 
seen  the  seatings  and  bolt-holes  for  attaching  the  commutator-hub 
and  the  rim  which  supports  the  winding.  In  Fig.  1 98,  which 
depicts  the  completed  core,  are  visible  the  supporting  rim  and  narrow 
ventilating  ducts. 

Ventilating  Ducts.  Armature  cores,  as  already  explained,  heat 
from  three  causes — namely,  hysteresis  and  eddy  currents  in  the  iron, 
and  PR  losses  in  the  copper  conductors.     In  order  that  the  tempera- 


Fig.  198.    Armature  Core  and  Cktminutator  with  Temporary  Shaft. 

ture-rise  of  the  armature  shall  not  exceed  a  safe  figure,  50°C.,  it  has 
been  found  necessary,  in  the  large  and  heavy-duty  types  of  to-day, 
to  resort  to  positive  means  of  ventilation,  usually  consisting  of 
ducts  which  lead  the  air  between  the  core-discs.  To  keep  the 
core-discs  apart  at  these  ducts,  it  is  necessary  to  introduce  distance 
pieces,  or  ventilators,  Fig.  199  illustrating  some  of  these  devices. 

In  a,  simple  pieces  of  brass  are  riveted  radially  at  intervals  to  a 
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special  core-disc  0.04  to  0,05  inch  thick.    This  form  fails  to  provide 

adecjuate  support  for  the  teeth,  which  is  obviated  in  c,  where  behind 

each  tooth  ther^is  a  strip  of  brass  about 

0.4  inch  wide  set  edgewise,  being  cast 

with  or  brazed    to  a  special  casting  of 

brass  riveted  to  a  stout  core-disc.     In  a 

recent   construction  shown  in  Fig.  200, 

the  core-plate  next  to  the  duct  is  riblied, 

affording  good  support  for  both  the  core 

and  teeth  of  the  next  plate.     Fig.  186,  on 

page  16G,   illustrates  a  somewhat  similar 

device. 

Binding  Wires.    With    toothed-core 

armatures  the  conductors  may  be  held 

in  the  slots  by  wedges  of  wood,  as  already 

mentioned,  or  by  bands  of  wire  wound 

around    the  armature.       These  binding 

wires  must  be  strong  enough  to  resist  the 

centrifugal    force   tending  to  throw  the 

armature   conductors  out   of   the   slots, 

and    yet    must   occupy    as    little  radial 

space  as  possible,  in  order  not  to  interfere 

with  the  clearance  between  the  armature  and  the  pole-pieces.     The 

common  practice   is   to  employ  a  tinned  wire  of  hard-drawn  brass, 

phosphor  bronze,  or  steel,  which,- after  winding,  can  be  sweated  to- 
gether by  solder 
into  one  continuous 
band. 

Under  each  lielt 
of  binding  wire  a 
\mnd  of  insulation 
is  laid,  usually  con- 
sisting of  two  layers 
— first  a  thin  strip 
of  vulcanized  fibre 

or  of  hard  red  varnished  paper,  slightly  wider  than  the  belt  of  wire, 

and  then  a  strip  of  mica,  in  short  pieces,  of  about  equal  width.     Some- 
times a  small  strap  of  thin  brass  is  laid  under  each  belt  of  binding 


Pig.  190.    Ventilating  Devices. 


Pig.  SOa    Ribbed  Corv-PUtc 
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Pig.  201.    Siemens  Bar  Armature. 


wire,  having  tags  which  can  be  turned  over  and  soldered  down  to 
prevent  the  ends  of  the  binding  wires  from  flying  out. 

Wedges.  In  the  cases  where  wedges  are  driven  into  grooves  in 
the  teeth,  to  close  up  the  slot,  the  usual  material  employed  is  a  well- 
baked  hardwood,  such  as  horn- 
beam or  hard  white  vulcanized 
fibre.  A  modem  method  consists 
in  using  a  springy  strip  of  German 
silver,  or  a  strip  of  magnalium 
metal. 

Conductors.  Copper  is  always 
used  for  the  armature  conductors 
of  continuous-current  machinery, 
either  as  wire  strip  or  stranded. 
Wire  is  usually  employed  for  ma- 
chinesof  small  or  moderate  current 
output;  but  rectangular  conductors  are  preferable,  especially  for 
heavier  currents,  on  account  of  better  space-factor.  Large,  solid 
conductors,  whether  round  or  rectangular,  are  objectionable,  not 
only  on  account  of  stiffness,  but  also  because  eddy  currents  may  be 
generated  in  them. 
This  is  avoided  by 
subdividing  the 
former  into  sever- 
al round  wires  or 
by  laminating  the 
latter. 

Armature  Wind= 
ings.  The  differ- 
ent   methods     of 

arm  a  ture   wind-  ^*S-  ^^-    Spiral  End-Connectors  for  Evolute  Windings. 

ings  have  been  treated  at  length  on  pages  93-120.  It  remains  to  con- 
sider the  mechanical  arrangements  or  means  employed  to  carry  out 
the  scheme  of  winding  adopted. 

Drum,  Windings.  Drum  windings  may  be  subdivided  into  (1) 
hand  windings;  (2)  evolute  windings;  (3)  barrel  windings;  (4)  bastard 
drum  windings;  and  (5)  jorm  windings,  according  to  the  manner  in 
which  the  end-connections  are  made.     It  is  essential  that  these  latter 
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Ih'  good  conductors,  sufficiently  well  insulated   from  one  another, 
ullowing  of  repairs  and  ventilation,  and  mechanically  sound. 

Hand  windings,  historically  the  first,  are  now  seldom  used, 
except  for  special  machines.  They  involve  a  clumsy  overlapping  of 
wires  at  the  ends  of  the  armature, 
which  stops  ventilation  and  hinders 
repairs;  while  the  outer  layers,  over- 
lying those  first  wound,  bring  into 
close  proximity  conductors  of  wide- 
ly different  voltage. 

EvoliUe  windings,  so  named 
from  the  method  of  uniting  the 
conductors  by  means  of  spiral  end- 
connectors,  were  quite  early  de- 
vised to  overcome  the  objections  to  the  hand  windings.  In  Fig. 
201,  which  illustrates  this  construction,  each  inductor  in  the  form  of 
a  bar  is  connected  to  the  next  by  means  of  two  evolute  spiral  copper 
strips,  one  bending  inwardly,  the  other  outwardly,  their  junction  being 


Fig.  203.    Evolute  Conductors  In  Slots. 


•  FIjr.  JW.    Bar-Wound  Armature. 

in  some  cases  secured  to  a  block  of  wood  upon  the  shaft.  Their 
outer  ends  are  attached  to  the  bars  by  rivets  or  silver  solder. 

A  common  form  of  such  end-connector  's  indicated  in  Fig.  202, 
another  form  being  made  of  copper  strip,  folded.  In  place  of  the 
wooden  block  referred  to  above,  the  middle  part  of  the  evolute  con- 
nector may  be  anchored  to  an  insulated  clamping  device  built  up  like 
a  commutator  and  called  from  this  resemblance  a  fabe  commutator. 

In  evolute  windings  the  spiral  connectors  lie  in  two  planes, 
back  of  one  another;  hence  it  is  necessary  that  the  armature  bars 
should   project   to  different  distances  beyond   the  core-lxxly,   the 
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shorter  ones  being  joined  to  the  inner  layer  of  evolutes,  the  longer 
ones  to  the  outer  layer.  For  this  purpose  it  is  convenient  to  arrange 
one  short  and  one  long  bar  in  a  slot,  side  by  side,  as  in  Fig.  203  or 
in  the  finished  armature  of  Fig.  204. 

Barrel  windings  were  devised  by  Mr.  C.  E.  L.  BrowTi  in  1892, 


Fig.  205.    Armature  Body  before  C!oils  are  Placed  in  Position. 

as  an  improvement  upon  the  evolute  windings  just  described,  and 
are  most  extensively  used  to-day.  The  method  consists  in  arrang- 
ing the  conductors  in  two  layers,  so  that  their  ends,  instead  of  being 
carried  down  as  evolutes,  are  continued  out  upon  an  extension  of  the 
cylindrical  surface  of  the  armature  and  are  bent  to  meet  obliquely  in 
two  overlapping  layers.     This  scheme,  like  the  evolute  winding,  is 


e  d 

Fig.  308.    Element  of  Lap  Winding  Formed  from  Strip. 

adapted  to  wave  as  well  as  lap  windings.  Its  only  disadvantage  lies 
in  the  fact  that  it  requires  the  length  of  the  armature  parallel  to 
the  shaft  to  be  greater  than  in  the  previous  case.  Its  great  advan- 
tage lies  in  the  excellent  ventilation  made  possible  by  the  larger 
cooling  surface,  and  by  permitting  air  to  enter  the  interior  of  the 
armature  at  the  ends. 

A  usual  method  of  supporting  the  extended  end-connectipns 
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is  to  attach  to  the  end  of  the  armature  body  ventilated  brackets,  as 
indicated  in  Fig.  205.  A  simple  way  to  construct  such  a  winding  is 
to  take  a  long  bar 
of  copper,  and  bend 
it  as  shown  at  A, 
Fig.  20C.  Then,  if 
ab  and  ed  arc  the 
lengths  of  the  con- 
ductor in  the  slot, 
the  bar  may  be 
opened  out  as  in  B, 
Fig.  20G,  if  the 
winding  is  to  be 
lap- wound,  or  as  in 
Fig.  207,  if  the  winding  is  to  be  wave-wound.  Methods  of  computing 
the  necessary  length  of  the  end-connections  have  been  referred  to  on 
page  110,  so  that  the  required  length  of  bar  may  be  predetermined. 


Fig.  207.    Element  of  Wave  Winding  Formed  from  Strip. 


•    Fig  SOe.    Armature  of  Triumph  Oenerator. 

In  Figs.  208  and  209,  finished  armatures  of  this   type  are  repre- 
sented, while  Fig.  210  illustrates  these  diagrammatically. 

Thus  far  the  windings  have  l>een  described  as  formed  of  copper 
bars;  but  it  is  also  possible  to  wind  either  of  these  types  with  wire, 
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Fig.  209. 


Complete  Armature  of  Crocker-Wheeler  Companj- 
Engine-Type  Generator. 


shaping  the  coils  either  before  or  after  placing  the  wire  in  the  slots. 
Cases  also  occur  where  more  than  two  layers  of  wire  are  neces- 
sary, either  on  account  of  the  high  voltage  required,  or  to  avoid  harm- 
ful induction. 

Bastard  wind- 
ings is  the  name 
given  to  that  class 
of  armature  wind- 
ings whose  end- 
con  nee  tions,  i  nstead 
of  being  carried  in 
toward  the  shaft  in 
evolutes  or  elon- 
gated cylindrically, 
are  partly  inward 
and  partly  cylin- 
drical. This  has  the 
effect  of  making  the  length  of  the  armature  parallel  to  the  shaft 
shorter  than  with  the  pure  barrel  winding.  It  requires,  however, 
special  formers,  and  is  applicable  only  to  bar-wound  armatures.  On 
account  of  better  ventilation,  it  is  usual  to  combine  a  bastard 
winding  at  one  end 
of  the  armature, 
with  a  barrel  wind- 
ing at  the  commu- 
tator end,  as  in  Fig. 
211;  while  Figs. 
212,  213,  214  show 
the  relation  of  this 
scheme  to  the  two 
previously  men- 
tioned. 

Form-Wound  Drum  Windings.  It  was  early  found  that  hand- 
wound  drums  were  both  expensive  in  labor  and  unsymmetrical 
electrically.  This  resulted  in  the  development  of  schemes  for 
arranging  the  winding  in  coils  on  formers,  and  then  laying  these 
formed  coils  in  their  respective  places  upon  the  core-body.  The 
individual  sections  of  the  winding  are  first  wound  and  shaped  upon 


Fig.  210.    Diagrammatic  Representation  of  Barrel  Winding. 
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a  frame  or  former,  the  wire  l)einp  plain  cotton-covered ;  and  each 
such  section  is  again  sepamtely  insulated  l>y  winding  with  tape, 
usually  half-lapped;  then  baked,  varnished,  and  baked  again. 

Alioth,  accorrling  to  the  patent  records,  was  the  first  to  devise 


Fig.  SI  I.    Armature  of  Westinghouse  GeDerator— Bastard  Winding. 

this  plan.  He  was  followed  by  Eickemeyer,  who  in  1888  patented  a 
method  of  winding  formed  coils  for  evolute  windings.  This  method 
attained  almost  universal  use  during  the  vogue  of  the  evolute  wind- 
ing; and  the  first  three  stages  in  the  construction  of  such  a  section  are 
illustrated  in  Fig.  215;  while  Fig.  216  illustrates  a  later  type  of  the 


Pig.  313.  ETolnt*- Wound 
Armature. 


Pig.  SIS.    Barrel- Wound 
Armature. 


Pig.  SI4.    Bastard-Woond 
Armature. 


former,  and  Fig.  217  a  completed  armature  winding  built  up  of  such 
coils. 

What  the  Eickemeyer  coil  accomplishes  for  the  evolute  winding, 
may  be  accomplished  for  the  barrel  winding  by  use  of  "straight-out" 
formers.  Fig.  218  illustrates  a  simple  former  of  this  type,  upon  which 
a  coil  for  a  wave  winding  has  Ix^n  wound  and  then  opened  out. 
Figs.  212,  213,  and  214  illustrate  the  thwe  principal  types  of  formed 
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windings;  while  Figs.  205,  219,  and  220  illustrate  successive  stages 

.X 


Fig.  215.    Eickemeyer  Former- Wound  Coll,  and  Same  Bent  Up. 

in  the  construction  of  a  barrel-wound  armature  using  formed  coils. 
Ring    Windings.     These   windings   are   almost    always   hand- 


Fig.  216.    Eickemeyer  Coll  on  Former  and  Opened  Out. 

wound,  because  the  connections  at  the  ends  are  not  nearly  so  com- 
plicated as  those  of  a  drum-winding,  and  the  winding  is  in  general 


Fig.  217.    Eickemeyer  Armature,  Complete. 

easily   applied.     Nevertheless   care   must   be   exercised,   since    the 
various  .sections  are  usually  wound  upon  the  core  separately,  the 
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ends  being  left  projecting.  A  careless  workman  may  connect  them 
so  that  some  may  generate  in  opposition,  thus  reducing  the  terminal 
voltage  of  the  machine; 
hence  it  is  usual  to  tag  the 
ends  of  the  coils,  indicat- 
ing the  beginning  and  end 
of  each  section.  Fig.  221 
illustrates  a  partially  com- 
pleted ring-wound  arma- 
ture, the  core  lieing  made 
in  two  parts  to  facilitate 
winding. 

Arrangement  of  Con- 
ductors in  Slots.  Various 
methods  of  arranging  the 
conductors  in  the  slots 
have  been  mentioned.  The 
most  frequent  plan  in 
large  continuous-current 
generators  is  that  of  put- 
ting them  in  two  layers,  either  two  or  more  in  a  slot.  Form-wound 
coils  lend  themselves  to  the  two-layer  arrangement,  which,  however, 


Fig.  218. 


•SinilKht-Ouf  Fnrraer-Wound  Coll, 
and  Cull  Opened  Out. 


Pig.  319.     Armatnr«  Body  Showing  ColU  an  Placed  In  Poeltlon. 

is  adapted  to  be  used  only  with  parallel-sided  slots.  Yet,  by  groyping 
the  conductors  three  or  four  in  a  slot,  as  imlicated  in  Fig.  222,  or 
six  in  a  slot,  as  in  Fig.  223,  T-  shapinl  teeth  can  be  employed.  It  must 
be  rememberwl  that,  owing  to  the  magnetic  shielding  of  the  teeth, 
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the  conductors  are  subjected  practically  to  centrifugal  force  only. 
Unless  the  pole-faces  are  laminated,  the  top  breadth  of  the  slots 


Fig.  330.    Generator  Armature,  Complete. 

must  be  kept  very  narrow  (i.  e.,  not  wider  than  2^  times  the  length 
of  the  air-gap,  because  of  eddy  currents  being  otherwise  generated 
in  the  pole-faces) ;  also,  if  straight  teeth  are  employed,  they  must 
be  kept  very  narrow,  otherwise  the  high  flux-density  required  in  the 
teeth  for  sparkless  collection  of 
current  will  not  be  attained. 

All    electric    and    magnetic 
considerations    point    to  having 


Fig.  333.    Three  Conductors  Grouped  in 
Slot. 


Fig.  221. 


Partially  Completed  Ring- 
Wound  Armature. 


Fig.  233.    Six  Conductors  Grouped  in  Slot. 

the  slots  and  teeth  narrow  and  numerous;  while  mechanical  con- 
siderations impose  a  limit  upon  the  minimum  width  of  teeth.  Stand- 
ard practice  for  parallel-wound  armatures  has  had  to  choose  a 
mean,  and  it  is  usual  to  put  four  conductors  in  a  slot. 
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CONSTRUCTION    OF    COMMUTATOR    AND    BRUSH-RIQQINQ 

Commutator  Bars.  These  are  always  made  of  copper;  other 
metals,  such  as  brass,  iron,  or  steel,  are  not  satisfactory,  on  account 
of  pitting  and  burning.  Rolled  copper  is  preferable,  Ijccause  of  its 
toughness  and  uniform  texture;  but  in  some  cases,  on  account  of  the 
shapes  necessitated  by  different  methods  of  connection  to  the  arma- 
ture conductors  and  various  clamping  devices,  the  segments  are  either 
cast  or  drop-forgetl,  the  latter  being  at  present  the  commercial  typ<\ 

In  order  to  secure  a  good  fit,  the  cross-section  of  the  bars  should 
be  properly  tapered  according  to  the  numlier  that  go  to  make  up  the 
whole  circumference.  It  is  obvious  that  if  the  number  of  segments 
=  360,  each  segment  plus  its  insulation  (on  one  side)  should  have  a 
taper  of  1  degree;  while  if  Jt"  =  36,  the  taper  would  be  10  degrees. 
It  is  not  practicable,  however,  to  use  mica  insulation  that  has  not 
parallel  faces;  hence  the  segment  is  tapered,  and  any  defect  in  the 
taper  of  the  latter  cannot  be  made  good  with  insulation.  It  is  found, 
however,  that  when  the  segments  exceed  150,  bars  of  the  same  taper 
can  be  used  in  constructing  a  commutator  having  either  two  more  or 
two  less  than  the  designed  number. 

Insulation.  It  is  needful  to  have  good  insulation  between  each 
bar  and  its  neighbor,  and  especially  good  in.sulation  between  the  l>ars 
and  the  sleeve  or  hub  around  which  they  are  mounted,  as  well  as 
between  the  bars  and  the  clamping  devices  that  hold  them  in  place, 
since  the  voltage  between  bars  is  not  so  great  as  that  between  the 
bars  and  the  metal-work  of  the  machine.  It  is  essential  that  the 
insulating  material  be  such  that  it  will  not  absorb  oil  or  moisture; 
hence  asbestos,  plaster,  and  vulcanized  fibre  are  inadmissible.  The 
end  insulation  rings  may  be  of  micanite,or,  if  for  low  voltage,  of  that 
pre|)aration  of  paper  pulp  known  as  press-board  or  press-spahn. 
The  conical  rings  are  usually  built  of  micanite  moulded  under 
pressure  while  hot.  Fig.  224  illustrates  such  an  end-ring,  cut  away 
to  show  its  section. 

Commutators  using  air-gaps  between  the  segments  as  insulation 
have  been  tried;  but,  excepting  in  the  case  of  arc-lighting  machines 
where  the  segments  are  few  in  numlx-r  and  the  air-gap  large,  they 
have  not  proven  successful,  owing  to  trouble  in  keeping  the  gaps  free 
from  metallic  dust. 

It  is  of  importance  that  the  mica  selected  for  insulating  the  l>ars 
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from  one  another  should  be  soft  enough  to  wear  away  at  the  same 

rate  as  the  copper  bars,  and  not  pro- 
ject above  the  segments.  Amber 
mica,  soft  and  of  rather  cloudy  color, 
is  preferred  to  the  harder  clear 
white  or  red  Indian  variety.  The 
usual  thicknesses  are  as  given  in 
Table  XIII. 
Commutator   Construction.    For   small   machines   a   common 

construction  is  that  shown  in  Fig.  225.    The  commutator  segments 


Fig.  224.    End  Insulation  Ring  of  Com- 
mutator. 


HALP-RIN6 
flTTIN6  on  TO 


Fig.  225.    Common  Method  of  Commutator  Construction  for  Small  Machines, 

TABLE  XIII 
Thickness  of  Commutator  Insulation 


VoLTAOE  or  Machine 

Thickness  of  Mica 

Between  neighboring  seg- 
ments 

Between  segments   and 
shell,   and   between  seg- 
menta  and  clamping  de- 
vice 

Less  than      150 
Less  than      300 
Less  than  1,000 

0.020  to  0.03  in. 
0.025  to  0.04  in. 
0.04     to  0.06  in. 

0.06  to  0.10  in. 
0.08  to  0.13  in. 
0.10  to  0.16  in. 
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are  sec-ured  between  a  bushing  or  hub  and  a  clamping  ring,  the  latter 
being  mounted  on  the  hub,  and  forced  to  grip  the  bars  by  means  of 
a  nut  on  the  hub  or  by  Iwlts  passing  through  the  ring  and  hub,  as  in 
Fig.  22().  The  ends  of  the  bars  are  l)evele<I  so  that  the  ring  and  bush- 
ing draw  the  segments  closer  together  on 
tightening. 

The  hub,  in  small  machines,  is  usually  of 
cast  in)n  keye<l  to  the  shaft;  but  in  large  ma- 
chines, the  commutator  is  built  upon  a  strong 
flange-like  support  or  shell,  bolted  to  the  arma- 
ture spider,  as  indicated  in  Fig.  208  and  Fig. 
227,  or  mounted  on  a  .separate  spider  secured 
to  the  shaft,  as  in  Fig.  228. 

^^'hen  drawn  copper  strip  is  use<l,  the  de- 
sign should  be  such  that  the  available  surface 
for  the  brushes  takes  up  nearly  the  whole  length 
of  the  bar,  and  the  beveled  ends  should  be  as 
simple  as  possible.  With  drop-forged  seg- 
ments, this  is  not  so  important. 

In  building  commutators  it  is  usual  to 
a.ssemble  the  bars  to  the  proper  numl)er,  with 
the  interposed  pieces  of  mica,  clamping  them 

temporarily  around  the  outside  with  a  strong  iron  clamp,  or  forcing 
them  into  an  external  steel  ring  under  hydraulic  pressure.  They 
are  then  put  into  a  lathe,  and  the  interior  surfac-e  is  lx)re<l  out,  after 
which  the  ends  are  tunied  up,  with  the  angular  hollows  to  receive 
the  clamping  pieces.  The  whole  is  then  mountetl  with  proper  insula- 
tion, u|x)n  the  sleeve,  and  the  clamping  end-pieces  are  screwed  up. 
It  is  then  heated,  and  the  clamps  still  further  tightene<l  up,  after 
which  the  tem|Xirary  clamp  or  ring  is  removed  and  the  external  sur- 
face tunied  up. 

Commutator  Risers.  Connection  is  made  with  the  armature 
conductors  by  means  of  nulial  strips  or  wires  sometimes  called  rubers, 
which  are  inserted  into  a  cut  at  the  comer  of  each  l)ar  and  firmly 
held  there  by  a  screw  clamp  and  solder.  Figs.  229,  230,  and  231 
illustrate  various  mo<les  of  making  connection  to  the  commutator  bar. 

These  risers  are  connecte<l  to  the  armature  win<ling  in  several 
different  ways,  as  indicated  in  Fig.  232. 


Fig.  ns.  Construction  of 
Commutator  of 
Medium  Size.  , 


106 


184 


DYNAMO-ELECTRIC  MACHINERY 


In  some  evolute  windings  no  risers  are  needed,  the  ends  of  the 
cvolute  being  fastened  to  the  commutator  as  indicated  in  Fig.  204. 
Similarly,  in  the  case  of  barrel-wound  armatures,  no  risers  are  needed 
if  the  commutator  diameter  is  very  nearly  that  of  the  armature. 


MP  IOI09HO-2eOv-S90 


Fig.  227.    Ten-Pole  Lighting  Generator  of  the  Oerllkon  Company. 
Commutator  support  bolted  to  armature  spider. 


Brushes    and    Brush=Rigging.     As  we  have  seen  on  page  42, 

carbon  brushes  are  almost  the  only  type  that  are  now  considered. 

Their  shape  depends  upon  the  type  of  brush-holder  selected,  and 

upon  whether  the  brushes  are  applied  to  the  commutator  semi- 

tangentially  or  radially.     Fig.  233 

illustrates  various  shapes. 

The  mechanism  for  holding  the 
brushes  must  fulfil  the  following  re- 
quirements: 

f\   "^  1         1.     The  brushes  must  be  held  firmly 

y  A     against  the  commutator,  while  allowing 

*        1      V )    them  to  follow  any  irregularity  in  the 

Fig.  228.    Commutator  for  Large        contour  of  the  latter  without  jumping 
Currents.  ■"        ^     ° 

away. 

2.  The  mechanism  must  permit  of  the  brushes  being  withdrawn  while 
the  commutator  is  rotating,  and  must  feed  them  forward  as  required. 

3.  Spring  pressure  must  be  adjustable,  and  the  spring  must  not  carry 
current. 

4.  The  springs  must  not  have  too  great  inertia,  in  order  that  they  may 
readily  fulfil  condition  1,  in  regard  to  following  the  commutator. 

5.  Insulation  must  be  very  thorough. 

6.  The  mechanism  must  be  so  arranged  as  to  permit  of  the  position 
of  the  brushes  being  shifted. 

7.  All  parts  must  be  firm  and  strong,  so  as  not  to  permit  of  the  brushes 
chattering  as  the  result  of  vibration  while  running. 
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Fig.  ZS». 


The  commercial  forms  of  holders  for  carbon  brushes  may  be 
classified  under  three  types: 

1.  Hinged  structures. 

2.  Parallel  spring  holders. 

3.  Reaction  holders. 

Fig.  234  illustrates  a  hinged  brush-holder,  and  an  ann  holding 
several.  The  carbon  moves  in  a 
light  frame,  being  held  against  the 
commutator  by  a  spring  whose 
tension  may  be  adjusted.  Con- 
nection between  the  brush  and  the 
holder  is  made  by  means  of  a  flexi- 
ble lead,  tinned  and  laid  in  a  slot 
in  the  upper  part  of  the  carbon. 
A  metal  cap  placed  over  the  top 
and  sweated  in  place  makes  a 
permanent  contactL  This  is  shown 
by  the  two  illustrations  of  the 
brush. 

Fig.  235  illustrates  a  parallel- 
movement  type,  also  depicted  in 
Fig.  144,  on  page  12G.  The  brush 
is  held  firmly  in  the  holder  by  a 
clamping  screw,  the  whole  ar- 
rangement then  being  pressed 
against  the  commutator  by  the 
spring,  whose  tension  may  be 
varied  by  means  of  the  adjusting 
screw.  Connection  is  made  be- 
tween the  bmsh  and  the  stationary 
part  of  the  holder,  by  means  of  two 
sets  of  rolle<l-copper  leaves  which 
at  the  same  time  act  as  flexible 
joints. 

In  Fig.  23()  is  illustrated  a  re- 
action type  of  brush-holder.    The 
brush  C  is  presse<l  against  the  commutator  by  the  adjustable  spring 
L,  the  holder  B  b«ing  secured  firmly  to  the  rocker-arm  P  by  means 


Fig.  t». 


r^t^ 


Ftg.  at. 

MethndH  of  Connectlnfc  Commiitauir 
KlM*r»  to  Commutator  Bars. 
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Fig.  232     Methods  of  Connecting  Commutator 
Risers  to  Armature  Winding. 


of  the  set-screw  g.    The  brush  is  furnished  with  a  dovetail-shaped 
projection  along  its  entire  inner  edge,  this  projection  fitting  into  a 

groove   in  the  face  of  the 
<§      g       g       II       ^     holders. 

Rockers  and  Rocker- 
Arms.  For  small  machines, 
the  rocker  is  usually 
clamped  upon  a  shoulder 
turned  upon  the  bearing 
pedestal  as  indicated  in 
Fig.  225.  For  large  multi- 
polar generators,  the  rocker 
arms — that  is,  the  rods  on 
which  the  brush-holders  are 
held — are  fixed  at  equidistant  points  around  a  cast-iron  rocker-ring, 
which  is  itself  supported  on  brackets  projecting  from  the  magnet- 
yoke.  This  con- 
struction is  indi- 
cated in  Fig.  237. 
Sweating  Lugs 
and  Terminal  Thim= 
bles.  Among  the 
details  of  brush- 
gear are  the  con- 
trivances for  bring- 
ing the  current  to 
and  from  the  brush- 
pillars  or  rocker- 
rings.  This  is  usu- 
ally accomplished 
by  the  use  of  large, 
flexible  connections 
made  of  stranded 
copper  wire  well  in- 
sulated. It  is  neces- 
sary that  all  such  flexible  leads  should  make  good  contact  at  their 
ends  to  solid  metallic  pieces.  On  the  rocker  are  usually  provided 
sweating  lugs  (Fig.  238)  of  copper  or  brass,  into  which  the  ends 


Fig.  233.    Various  Forms  of  Carbon  Brushes. 
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of  the  flexible  cable  are  sweated.    Their  other  ends  are  then  sweated 


ng.  S3».    Brush-Rigging  and  Brushes. 

into   suitable   thimbles  or  sockets  on  a  terminal  board  (Fig.  239) 
which  is  attache<l  to  some  convenient  point  on  the  magnet-frame. 

CONSTRUCTION  OF    MECHANICAL  PARTS 
Bearings  and  Pedestals.     Bearings  for  generators  are  always 

made    dividetl,    so  ^    ^^^  g^  Cbmp,^  Sobw. 

that  the  armature 
can  l)e  lifted  into 
and  out  of  its  bed, 
and  usually  with 
steps  of  brass  or  Commutator 
gun-metal  seated  in 
an  appropriate  ped- 
estal. Often  the 
petlestal  is  ma<le  in 
two  parts  bolted 
together,  the  joint 
occurring    at     the 

level    of    the  under  ^*-  '*'    PunUlelMoTement  Type  of  Brush-Holder. 

side   of  the  armature  to  admit  of  the  latter  being  withdrawn,  and 


Brush. 
PrwAure  5pring. 


Adjusting 
Screw. 


tl&rd  Rolled  Copper  Le&ves 


jTo  l?ocher  Ring     i 


199 


188 


DYNAMO-ELECTRIC  MACHINERY 


affording  a  resting  point  during  removal.    "Where  long  bearings  are 
used,  they  are  sometimes  made  of  cast  iron  with  a  lining  of  Bab- 


HD 


Fig.  237.    Rocker -Ring  and  Brush-Gear. 
Crocker- Wheeler  Company, 


Fig.  238.    Sweating  Lug. 


bitt  or  similar  soft  metal,  such  anti- 
friction metal  being  cast  in  hollows 
in  the  cast-iron  step  prepared  for 
that  purpose.  In  the  case  of  gener- 
ators whose  armatures  are  mounted  on  the  end  of  the  engine  shaft  for 
direct  driving,  only  the  outboard  bearing  (if  any)  is  provided  by  the 

generator  manufac- 
turer, the  other  be- 
ing part  of  the  en- 
gine ;  while  in  some 
cases  the  armature 
j  is  overhung  and  re- 

Flg.  239.    Sweating  Thimbles  on  Terminal  Board.  quiresnoouterbear- 

ing,  as  in  Fig.  240. 

In  cases  where  the  bearing  is  very  long,  it  is  necessary  that  the 

bearing  be  made  self-aligning,  by  providing  it  with  an  enlarged  central 

portion  of  spherical  shape  (Fig.  241),  held  in  a  spherical  seat  formed 
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in  the  pedestal  by  turning,  milling,  or  by  casting  Babbitt  or  other 
fusible  metal  around  it,  thus  allowing  the  bearing  to  adjust  itself 
to  the  exact  direction  of  the  shaft.  The  upper  half  of  the  box  can  be 
taken  off  to  facilitate  renewal,  etc.  Fig.  242  also  illustrates  a  bearing 
of  this  type;  while  Fig.  24.'i  illustrates  a  simple  bearing  showing  the 
division  of  the  pedestal. 

Ball-bearings  have  recently  been   appiied    to  generators  and 

motors — particularly  the  latter,  on 
account  of  their  low  static  friction. 
Where  space  and  low  friction  losses 
are  essential,  and  where  there  is 
little  lateral  dragging  due  to  belts, 
these  bearings  have  given  excellent 
results. 


Fig.  940.    Dlrect<^nnecte<l  Generator 
with  Overhung  Armature. 


Fig.  841.    SeirOlUng  Dearlng. 


Figs.  244  and  245  show  ball-bearing  mountings  for  horizontal 
and  vertical  motors,  respectively.  The  section  at  the  left  of  Fig.  244 
is  for  the  pulley  end,  while  that  at  the  right  is  for  the  commutator  end. 
Fig.  245  shows  a  form  of  mounting  for  vertical  motors.  It  is  differ- 
entiated from  the  horizontal  type, simply  by  the  introduction  of  devices 
for  keeping  sufficient  lubriamt  in  the  bearing  to  permit  the  balls  al- 
ways to  drop  through  it.  Fig.  246  illustrates  a  side  view  of  a  portion 
of  one  of  these  bearings,  showing  the  steel  balb  with  elastic  separa- 
tors l>etween  them.  The  separators  contain  felt  plugs  which  incident- 
ally store  up  lubricant  to  guard  the  bearings  for  a  time  against  neglect. 
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An  advantage  that  attends  the 
use  of  these  bearings  is  that  the 
feature  of  non-wear  permits  mak- 
ing them  oil-proof  and  dust-proof 
without  the  usual  added  compli- 
cations. 

Lubricators.  Provision  must  be 
made  for  supplying  the  bearings 
with  oil  or  grease;  and  for  this  pur- 
pose it  is  usual  to  provide  an  oil- 
well  in  the    hollow  casting  of  the 

Fig.  242.    Self- Aligning  Spherical  i      ^   i      •    x         i.-   i     xU        -i    i      • 

Bearing.  pedestals,  into  which  the  oil  drains 

from  the   brasses.      Self-lubricating   bearings   are  now  almost  uni- 


Flg.  243.    Self-OlUng  Bearing  for  Commutator  End. 


o 

H 

< 
PS 
H 

H 
(9 

O     g 

Z      O 

-<    o 

«  $ 

Q     d 

D     ^ 

O 

s 

a: 

o 

H 

O 

8 
« 

M 
H 

•< 


DYNAMO-ELECTRIC  MACHINERY 


191 


versal  in  the  ordinary  types  of  generators.  Fig.  241  illustrates 
one  of  this  type.  The  rings  here  shown  revolve  with  tlie  shaft,  and 
fee<l  the  latter  with  oil,  which  they  continuously  bring  up  from  the 
reservoir  below.  The  dirt  settles  to  the  lK)ttom  and  the  upper  portion 
of  the  oil  remains  clean  for  a  long  period,  after  which  it  is  drawn  off 
thmugh  the  spigot,  and  a  fresh  supply  poured  in  through  openings 
provided  in  the  top.  The  latter  are  often  located  directly  over  the 
slots  in  which  the  rings  are  placed,  so  that  the  bearings  can  be  lubri- 


COM.END 


PULLEY  END 


A  Shaft  Diam«ter  +^ 
B  Socking  Fih 
C  Lighi-  Drive  Tif 
D  Oil  Level 
E  Oearance  for  Desired 
End  Play. 


Fig.  244.    Bail-Bearing  Mounting  for  Horizontal  Motor-Shaft. 

cated  directly  by  means  of  an  oil-cup,  if  the  rings  fail  to  act  or  the 
reservoir  becomes  exhausted. 

Bed-Plates.  In  most  cases  a  generator  is  supplied  with  a  cast- 
iron  base  or  bed-plate  which  supports  the  bearings  and  magnet-yoke. 
It  consists  of  a  simple  box,  open  at  the  bottom  in  ortler  to  give  stiff- 
ness without  great  weight.  It  must  be  sufficiently  rigid  to  withstand 
any  reasonable  strain  without  bending. 

In  belt-connected  machines  the  iron  base  usually  rests  upon  rails 
bolted  to  the  foundations,  the  base  l)eing  arranged  to  slide  back  and 
forth  upon  the  same  in  order  to  regulate  the  tension  of  the  belt,  by 
means  of  set-screws.  A  direct-connected  generator  of  small  or  med- 
ium size  is  usually  bolted  to  an  extension  cast-iron  base  or  sub-base 
of  the  engine.     In  some  cases  a  generator  and  engine  are  coupled 
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A  Shift  Wameter* j; 
B  Light  Drtve  Fit-    '^ 
C  Socking  Fit 
D  Oil  Level. 


together,  each  being  complete  in  itself  and  having  ita  own  baae. 
Very   large   direct-  ^/.v.vmv//////y//////y////,^A 

connected  gener- 
ators and  engines 
are  set  on  separate 
foundations. 

DESIGN  OF  CON- 
TIN  UOUS^UR- 
RENT  GEN- 
ERATORS 

The  design  of  a 
generator  may  be 
consitlered  in  the 
light  of  a  problem 
in  which  it  is  re- 
quired to  produce 
a  machine  which 
shall  operate  satis- 
factorily at  all  loads 
from  no  load  to  50 
per  cent  overload, 

which  shall   l)e  efR-    ^^-  *^    Uall-Bearlag  Mounting  for  Vertical  Motor-Shaft. 

cient,  and  conform  to  the  conditions  of  prescribed  speed,  voltage, 

and  current  output.  This  involves 
the  theoretical  and  practical  fea- 
tures already  considered.  In  order 
to  guide  the  student,  it  has  been 
thought  advisable  to  follow  through 
the  complete  design  of  a  particular 
modem  generator.  No  hard-and- 
fast  rules  can  be  given  covering  all 
cases  which  come  up,  so  that  the 
tables  given  l)elow  should  Ix"  used 
only  as  guides,  each  machine  re- 
quiring a  separate  solution  of  the 
general  problem. 
Specifications.    To  design  a  continuous-current  generator,  it  is 


Fig.  24«.  Slile  View  of  Hall  Hearlnjc 
MouiitlUK.  Showing  Steel  Hivlls  with 
Elastic  Separators  iHJlween  ihein. 
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sufficient  to  be  given  the  capacity  of  the  machine  in  kilowatts,  the 

terminal  voltage  at  rated  load  (also  at  no  load,  if  compound-wound), 

and   the  spee<l  of  rotation  of  the  armature,  although  Table    XIV 

will  supply  the  latter  quantity,  iX  absent.     Let  us  assume  for  the 

purposes  of  this  design: 

Kw.  output 150 

Terminal  volta,  rated  load.  .  ..."..  .250 

Terminal  volts,  no  load  240 

Armature  r.  p.  m 225 

The  generator  is  direct-connected  to  the  engine  <lriving  it,  and 
it  must  be  compoun«l-wound  in  owler  that  its  terminal  voltage  at 
rated  load  shall  be  10  volts  higher  than  at  no-load. 

TABLE  XIV 
Relation  of  Output  to  Speed  of  Direct-Current  Oenerators 


Capacitt 

(Inkw.) 

DiRBCT-CONNBCTBD 

Low-Spbbd 

Hior.8pbed 

Gknbratobs 
r.  p.  m. 

Bbltbd  Oeneratoiis 
r.  p.  m. 

Belted  Oknkratoks 
r.  p.  m. 

1 

700  to  1.400 

1,400  to  2,800 
1,250  to  2,450 
1,170  to  2,200 

2 

670  to  1.250 

5 

400  to  800 

640  to  1.170 

10 

340  to  480 

610  to  1.050 

1,050  to  1,950 

15 

305  to  415 

580  to   960 

960  to  1,770 

20 

270  to  385 

550  to   900 

900  to  1 ,650 

30 

230  to  355 

510  to   800 

800  to  1,450 

40 

200  to  340 

480  to   740 

740  to  1,320 

60 

175  to  325 

460  to   660 

660  to  1,110 

80 

140  to  310 

450  to   620 

620  to  975 

100 

120  to  290 

440  to   590 

590  to  850 

150 

110  to  250 

420  to   540 

540  to  700 

200 

100  to  230 

395  to   495 

495  to  625 

250 

92  to  205 

380  to   460 

460  to  570 

300 

86  to  180 

3(>0  to   435 

435  to  520 

360 

80  to  160 

345  to   410 

410  to  475 

400 

76  to  140 

325  to   380 

3S0  to  440 

500 

70  to  124 

295  to   335 

33->  to  380 

600 

66  to  112 

27.')  to   300 

;>()0  to  325 

700 

62  to  105 

800 

60  to  100 

1,000 

69  to  92 

1,200 

68  to  88 

1.400 

56  to  86 

-  1,600 

65  to  84 

Since  the  generator  is  raled  at  ITjO  kw.  at  250  volts,  the  rated 

load  current  will  be: 

150X1,000      -^ 

„^ —  600  amperes. 

Number  of  Poles.     We  must  next  decide  upon  the  number  of 
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poles.  This  may  be  fixed  either  with  a  view  to  keeping  down  the 
iron  losses  in  the  armature,  or  to  keeping  the  current  collected  per 
brush  set  low.  In  the  former  case,  the  frequency  of  magnetic  reversal 
should  not  exceed  20  per  second  in  shunt- wound  machines,  and  25 
per  second  in  compound-wound  machines.  In  the  second  case,  in 
order  that  the  current  may  be  commutated  sparklessly,  not  more  than 
200  amperes  ought  be  collected  by  each  brush  set;  that  is,  the  current 
output  of  the  machine,  divided  by  the  number  of  poles,  should  not 
exceed  100. 

From  the  first  criterion,  we  find  (since  the  magnetism  of  any  part 
of  the  armature  core  undergoes  a  reversal  as  it  passes  each  pole),  for 
the  number  of  poles: 

=  25  X  60      25  X  60 
^>  r.p.in.  ^     225         ' 

And  from  the  second  criterion: 

P>100>^- 
To  be  quite  sure  of  avoiding  trouble  as  to  sparking,  and  since  an 
odd  number  of  poles  cannot  be  employed,  let  us  take  8  poles,  which, 
as  we  see  from  Table  XV,  is  good  practice  for  this  size  and  type  of 
machine. 

TABLE  XV 
Relation  of  Capacity  and  Type  to  Number  of  Poles 


Type 

OuTPtJT  IN  Kilowatts 

Number  of  Poles 

Direct-Connected 

0  to  2,030 
15  to      400 
90  to    •  400 
200  to      900 
300  to  1,800 
600  to  2,200 
800  to  2,500 

4 
6 
8 
10 
12 
14 
16 

Low-Speed,  Belted 

0  to      600 
15  to      600 

4 
6 

High-Speed,  Belted 

0  to        20 

0  to      200 

60  to      800 

2 
4 
6 

Diameter  and  Length  of  Armature.    The  diameter  of  armature 
is  limited  by  the  peripheral  speed  allowable  (Table  XVI).    It  is  also 
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dependent  upon  the  size  of  the  magnet-poles  and  their  number,  the 
size,  number,  and  arrangement  of  the  armature  conductors,  and  the 
output  of  the  machine,  the  length  being  also  a  function  of  these 
quantities.  Various  empirical  formulae  have  been  proposed  for  com- 
puting the  length  and  diameter  of  armatures,  but  they  all  contain 
constants  whose  values  must  be  learned  by  experience. 

TABLE  XVI 
Peripheral  Velocities  of  Direct- Current  Armatures 


Peripheral  Speeds  in  Feet  per  Minute 

Minimum 

Mean 

Maximum 

Bipolar  high-speed,  belted 
Multipolar  high-speed,  belted 
Multipolar  slow-speed,  belted 
Direct-connected 

2,000 
3,500 
2,000 
1,800 

3,000 
4,000 
2,800 
2,400 

3,500 
5,500 
3,500 
3,300 

For  this  reason  it  has  been  thought  more  advisable  to'  append  tablec 
giving  current  practice  in  regard  to  the  diameters  and  lengths  of 
armatures,  trial  values  being  selected  from  these. 

TABLE   XVil 
Diameters  of  Belted  Multipolar  Armatures* 


Capacity 

(kilo. 

watts) 

Outside  Diameter  (In  Inches) 

Ratio  of  Length  to  Diameter 

Minimum 

Mean 

Maximum 

Minimum 

Mean 

Maximum 

1 

4 

7 

10 

0.36 

0.65 

0.80 

2 

5 

8 

11 

0.36 

0.64 

0.80 

5 

6 

9 

12 

0.36 

0.63 

0.80 

10 

8 

11 

15 

0.35 

0.62 

0.80 

20    . 

11 

14 

19 

0.34 

0.59 

0.80 

30 

14 

17 

23 

0.33 

0.56 

0.75 

50 

17 

21 

29 

0.31 

0.52 

0.71 

75 

20 

25 

35 

0.28 

0.48 

0.67 

100 

22 

29 

40 

0.26 

0.44 

0.63 

150 

26 

34 

46 

0.23 

0.40 

0.58 

200 

30 

38 

51 

0.22 

.    0.38 

0.55 

300 

34 

44 

60 

0.21 

0.36 

0.52 

400 

38 

49 

65 

0.20 

0.34 

0.50 

500 

40 

54 

66 

0.20 

0.32 

0.49 

600 

43 

57 

68 

0.19 

0.30 

0.48 

*  It  is  to  be  noted  that  for  any  given  output  and  speed,  the  product  of  the  diameter 
by  the  length  of  the  armature  Is  practically  a  constant. 
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In  the  design  which  we  are  considering,  let  us  assume  a  peripheral 
velocity  of  say  2,650  feet  per  minute.  At  the  required  armature 
rotative  speed  of  225  r.  p.  m.,  this  will  give  us  a  diameter  of 

2,650X12     _. 

which  we  see  by  Table  XVTII  to  l)e  about  right.     Assuming  a  length 
29  per  cent  of  the  diameter,  we  get  45  in.  X  0.29  =  13  in. 

TABLE  XVIII 
ENametera  of  Direct-Connected  Armatures* 


OuTsiDB  DiAMCTER  (Ih  iocbes) 

Batxo  or  Lenoth  to  Diambtxr 

Cafacitt 

(kilo- 
vratts) 

Minimum 

Maxlmom 

Minimum 

Mean 

Maximum 

5 

15 

20 

25 

0.15 

0.25 

0.50 

15 

17 

22 

27 

0.15 

0.25 

0.48 

25 

18 

24 

29 

0.15 

0.25 

0.46 

50 

21 

27 

34 

0.15 

0.25 

0.44 

75 

24 

30 

39 

0.15 

0.25 

0.42 

100 

26 

34 

44 

0.15 

0.25 

0.40 

150 

31 

41 

52 

0.14 

0.24 

0.38 

200 

35 

47 

61 

0.14 

0.23 

0  36 

300 

44 

58 

77 

0.14 

0.22 

0.34 

400 

52 

69 

89 

0.14 

0.21 

0.32 

500 

60 

80 

100 

0.13 

0.20 

0.30 

600 

67 

87 

108 

0.13 

0.19 

0.28 

700 

74 

95 

115 

0.13 

0.18 

0.26 

800 

80 

100 

121 

0.13 

0.17 

0.24 

900 

87 

107 

127 

0.12 

0.16 

0.23 

1,000 

92 

112 

131 

0.12 

0.16 

0.22 

1,200 

100 

120 

140 

0.12 

0.15 

0.21 

1,400 

116 

130 

148 

0.11 

0.15 

0.20 

1,600 

122 

133 

152 

0.11 

0.14 

0.19 

Magnetic  Flux  per  Pole.  After  deciding  upon  the  number  of 
poles  (p),  the  diameter  (d),  and  the  length  (/)  of  the  armature,  we 
may  obtain  a  trial  value  for  ^,  the  magnetic  flux  j)er  pole  entering 
or  leaving  the  armature,  by  assuming  proper  values  for  the  mag- 
netic flux-density  in  the  air-gap  and  the  surface  of  the  armature 
covered  by  the  poles.  The  flux-density  in  the  air^p  varies 
from  40,000  lines  to  55,000  lines  per  scjuare  inch  (Table  IV), 
while  a  usual  value  for  the  fraction  of  the  armature  covered  by  the 
poles  is  ^  =  0.75.    We  may  then  write: 

^-B,  XcfXTTX/X^+p. 

•It la  to  tM  noted  that  for  anr  given  ouipat  and  speed,  the  prodoet  of  tbe 
by  Ibe  lengtb  of  tbe  armature  ia  practically  a  conatanU 
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Assuming,  in  our  case,  ^  =»  0.72,  and  Bg  «=  46,000,  we  have: 

(t»  -  46,000  X  45  X  13  X  3.1416  X  0.72  -s-  8  -  7,600,000 

as  the  assumed  flux  entering  the  armature.    Tlie  value  thus  found 

will  require  adjustment  after  Z  has  been  detennine<l,  the  fundamental 

equation  of  dynamo-electric  machines  Wing  use<l  for  this  purpose. 

From  page  (»'2,  this  is: 

/.           .  p     2X  r.p.m.x  ^X  p 
(Average)  E 60xiO»Xc     ^' 

That  is, 

JgXcX60xlO» 
^"  Z.XpXr.p.m. 

Number  of  Armature  Conductors.  Having  obtained  a  trial 
value  for  tlie  magnetic  flux  jxt  pole,  we  can  c"ompute  the  correspond- 
ing Z  from  the  preceding  formula,  adjusting  ^  and  Z  until  the  latter 
comes  out  properly  for  the  winding  selected  (see  Table  VI,  page  1 12). 
In  our  case, 

„      263.5*  X  8  X  10»  X  60     ^., ,  /      ^-_  ,  .  ,  ,     , 

^  ^    225  5^7.600.000  X  S    =  ^-"^  ^'^^  ^^8  as  a  trial  number). 

Number  of  Commutator  Segments.  This  is  of  course  ecjual  to 
the  number  of  conductors  divided  by  2,  4,  6,  etc.,  although  in  all  but 
the  smallest  modern  machines,  K=Z -7-2.  The  considerations  which 
fix  the  number  have  been  discussed  on  page  122.     Hence  we  have: 

A'  =  928-4-2  =  464  commutator  segments. 

Size  of  Commutator.  As  a  rule  it  is  well  to  make  the  diameter 
of  the  commutator  at  least  J  of  that  of  the  armature.  For  large 
machines,  it  should  be  from  12  inches  to  18  inches  smaller  than  the 
armature.  Using  this  as  a  trial  value,  divide  the  periphery  by  A', 
to  see  whether  the  width  allowed  per  segment  is  suitable.  This 
should  be  alx)Ut  0.2  to  0.8  inch,  inclusive  of  insulation  between  seg- 
ments. The  necessary  provisional  length  may  be  found  by  assum- 
ing that  the  (carbon)  brushes  will  cover  from  3  to  3^  segments,  and 
that  about  40  amperes  msy  be  collected  by  each  square  inch  of 
brush-contact  area.  A  margin  should  be  added  to  this,  the  working 
face  (see  also  page  123).  The  result  so  obtained  should  be  checked 
later  when  the  watts  lost  in  commutator  heating  have  been 
estimated,  by  seeing  whether  the  surface  of  the  commutator  is 
sufficiently  large  to  dissipate  the  heat  generated,  without  undue 
temperature-rise  (see  page  126).     A   commutator   ought    to   have 

•Note.— Corrected  to  provide  for  lost  rolts  (see  pages  7S  and  tl4  and  Table  XIII, 
pageW). 


213 


202  DYNAMO-ELECTRIC  MACHINERY 

about  0.6  square  inch  of  peripheral  surface  per  watt  to  be  dissipated. 

Having  decided  in  our  case  that  the  commutator  sliall  have  about 
464  segments,  and  as  each  segment  plus  the  necessary  insulation 
cannot  be  less  than  about  0.2  inch  wide  at  the  face  of  the  armature, 
the  periphery  of  the  commutator  must  be  at  least  464  X  0.2  =  92.8 
inches  long.  That  is,  the  diameter  should  be  alx)ut  92.8  -r-  tt  =  29.5 
inches. 

Allowing  40  amperes  per  square  inch  of  brush  contact,  and 
assuming  that  a  brush  covers  3  segments,  we  have  for  the  net  length 
of  the  commutator  (parallel  to  the  shaft) : 

7       _  150  _^o^. 

^"""  ~  3  X  0.2  X  40  "  ^"^^  ""• ' 

each  brush  set  collecting  150  amperes,  as  there  are  4  pairs  of  brush 
sets  and  the  total  current  output  of  the  machine  at  rated  load  is 
600  amperes.  Adding  to  the  length  thus  obtained  ^  as  a  margin, 
we  have  as  the  length  of  the  commutator: 

6.25  ( 1  +  0.33)  =  8.3  inches  (say  8 J  inches). 

Commutator  Brushes.  Allowing  40  amperes  per  square  inch 
of  brush  contact,  the  area  of  all  the  positive  (or  negative)  brushes 
=  15  sq.  in. — i.e.,  3|  sq.  in.  per  set.  Let  us  have  3  brushes  3  inches 
long,  2\  inches  wide,  and  ^  inch  thick  per  set.  From  the  cur\'e  of 
Fig.  141,  page  124,  brush-contact  drop    =1.5  volts. 

Style  of  Armature  Winding.  We  must  now  settle  upon  the  type 
of  armature  winding  to  be  employed.  Modem  practice  tends  toward 
preserving  the  utmost  simplicity,  that  is  to  say,  it  favors  the  lap- 
wound  drum  executed  as  a  barrel  winding  so  as  to  have  ample  cooling 
surface,  the  conductors  being  in  two  layers  so  as  to  take  advantage 
of  form  winding,  and  placing  two,  four,  six,  or  eight  conductors  in 
each  slot. 

Choosing  in  our  case  a  simplex,  singly  re-entrant,  lap-wound 
drum  winding,  the  maximum  winding  pitch  will  be  yt  =  115;  y\y 
=  —113,  since  we  must  span  about  I  of  the  periphery,  there  being 
eight  poles  (compare  page  112,  Table  VI).  As  we  have  assumed  a 
pole  span  of  about  0.75,  the  minimum  values  would  be  about  y]  =87; 
t/b  =  -85.  Assuming  that  the  conductors  are  placed  8  in  each  slot, 
there  will  be  about  14  slots  to  the  pole-pitch,  requiring  the  coils  to 
span  14  teeth  if  we  select  the  largest  possible  value  of  the  winding- 
pitch,  and  10  teeth  if  we  select  the  smallest  value.    Suppose,  there- 
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fore,  that  we  span  over  13  teeth,  in  which  case  we  shall  have  yt  =  107; 
yb  =  -105. 

Apportionment  of  Losses  and  Checking  Size  of  Armature.  We 
must  apportion  the  losses  in  onler  to  check  up  our  previous  computa- 
tions in  regard  to  permissible  heating  limits.  Assuming  an  efficiency 
of  92  per  cent  (Table  XII),  we  may  allow  2.2  per  cent  for  armature 
copper  loss,  1.6  per  cent  for  armature  iron  loss,  2.75  per  cent  for 
excitation  loss,  T. 05  per  cent  for  commutator  loss,  and  0.4  f)er  cent 
for  friction  loss,  as  suggested  by  the  above-mentioned  table.  The 
peripherj'  of  the  armature  being  45  X  7r=  141.4  inches,  and  the 
length  over  conductors  being  27  inches,*  the  total  cylindrical  radiating 
surface  will  be  141.4  X  27  =  3,820  square  inches;  and  as  the  total 
armature  losses  are  assumed  to  be  1.6  per  cent  +  2.2  per  cent  = 

150000 
3.8  per  cent,  or  0.038  X  —(Cqc,  =  6,200  watts,  the  peripheral  sur- 
face will  have  to  dissipate  6,200  -;-  3,820  =  1.63  watts  per  square 
inch.  As  the  peripheral  speed  is  assumed  to  be  2,650  feet  per  minute, 
we  see  from  cune  cc.  Fig.  139  (page  121),  that  the  probable  tempera- 
ture-rise will  be  26°  X  1.63  =  42.5°  C,  which  will  not  l>e  too  high, 
since  50°  C.  rise  is  permitted  by  the  Standardization  Rules  of  the 
American  Institute  of  Electrical  Engineers.  A  useful  and  fairly 
accurate  empirical  rule  states  that  the  exposed  surface  of  the 
armature  should  not  be  less  than  24  square  inches  for  each  kilowatt 
of  output.  Hence  we  should  need  24  X  150  =  3,600  square  inches. 
As  the  armature  has  3,820  square  inches,  there  should  be  ample 
surface. 

Number  and  Dimensions  of  the  Slots.  We  may  now  settle  upon 
the  number  and  dimensions  of  the  slots.  The  former  depends  upon 
the  type  of  winding  used,  and  upon  the  numl>er  of  commutator 
segments.  It  is  almost  universal  practice  to  wind  all  but  small 
armatures  with  copper  strip,  the  current-density  varying  from  2,000 
to  3,000  amperes  per  square  inch.     Assuming,  in  our  case  2,700 

amperes  per  square  inch,  we  require  a  conductor  — — J-  2,700  = 

0.0278  square  inch  in  cross-section  (say  0.028  square  inch).    As  we 
have  decided  to  place  the  conductors  8  in  a  slot  (page  202),  the  total 

•  Araamlng  length  orer  conductor  of  bkirel-wound  armatiuras  to  equal  twice  length 
over  core. 
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TABLE  XIX 
Number  and  Sizes  of  Armature  Slots  and  Teeth 


Diameter  of  Armatvrb 

Number  of  Sloxb  or  Teeth 

Depth  of  Slots  or  Teeth 

(in  inches) 

(in  inches) 

10 

25  to    75 

0.40  to  1.70 

20 

50  to  135 

0 .  60  to  1 .  80 

30 

75  to  190 

0 .  80  to  1 .  90 

40 

95  to  240 

1.00  to2.00 

50 

110  to  280 

1.10  to  2.05 

60 

125  to  320 

1.20  to  2.10 

80 

150  to  400 

1.30  to  2.20 

100 

175  to  450 

1.35  to  2.25 

120 

190  to  500 

1.40  to  2.30 

140 

200  to  540 

1.45  to  2.35 

160 

210  to  580 

1.50  to  2.40 

Ratio 


Ratio 


Depth  of  slots 
Width  of  slots' 
Width  of  slot 
Width  of  tooth' 


from  1.5  to  4 


from  0.75  to  1.5 


copper  section  per  slot  will  be  8  X  0.028  =  0.224  square  inch.  As- 
suming a  space-fac- 
tor (page  88  )  of, 
say,  0.34,  we  have 
as  the  area  of  the 
solt,  0.224  --  0.34 
=  0.66  square  inch, 
nearly.  As  there 
will  be  928  -^  8  = 
116  slots  (which  is 
within  the  limits 
set  by  Table  XIX), 
and  an  equal  num- 
ber of  teeth  in  a 
total  perimeter  of 
141.4  inches,  the 
width  of  a  slot  and 
a  tooth  at  the  face 
1 .22  inches.    Making 


952  -  .022"  Transformer  Stet\  Punchings  "A" 

952 -.022'  Transformer  Steel PuncJiififls 'B" 

500 -.003"  Paper Punchinos. 
16  -    I,'    Transformer  5teel  Punchinjs'A" 
12 -.022"  Transformer  Steel  Spacer  Puddiinas  "A* 

348  -  10076  Ventilators. 

696-  28I6T  Studs. 

Pig.  251.    Lamination  Stamping  of  Armature  whose 
Construction  is  Described  in  Text. 

of  the  armature  cannot  exceed  141.4  -=- 116  • 
Width  of  slot 


the    ratio 


Width  of  tooth 


=  1.18,  we  have  the  width  of  a  tooth  = 
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1  22* 

0.56  inch,  so  that  the  width  of  a  slot  is  1.22  -  0.56  = 


COMeuC13M5, 


MAMHAlVCli 

■FULL   HZL 


1  +  1.18, 

0.66  inch.  Hence  the  depth  of  the  slot  will  be  0.66  sq.  in.  -r  0.66  in. 
=  1  inch.  These  values  for  the  sizes  of  slots  and  teeth  are  seen  to 
lie  within  the  limits  suggested  by  Table  XIX. 

An  enlarged  drawing  of  the  slot,  showing  to  scale 
the  arrangements  of  conductors,  is  now  made  (Fig. 
252).  E^ach  conductor  is  wrapped  with  tape  to  a  thick-  sunuiKN© 
ness  of  30  mils  on  each  side,  and  allowing  a  slot  insula- 
tion at  each  side  of,  say,  24  mils  of  press-board  (two 
thicknesses,  antl  a  \*Tapping  for  four  conductors  of 
manila  25  mils  thick),  each  conductor  must  be  80  mils  tion^r^n^f 
wide,  which  leaves  a  clearance  of  2  mils.  The  depth  of  s"ot.^"°**"" 
conductor  will  be  0.028  -r-  0.080  =  0.35  inch.or  350  mils. 
Allow,  say,  12  mils  of  press-board  between  the  upper  and  lower 
layers,  and  60  mils  between  the  lower  layer  and  the  bottom  of  the 
slot.    We  may  then  account  for  the  contents  of  a  slot  as  follows: 

Width 

4  Conductors  side  by  side,  bare 4x0. 080  =  0 .  320  inch 

8  Thicknesses  of  taping 8  x  O.O.JO  =  0.240     " 

2  Thicknesses  of  slot  lining 2  x  0.024  =  0.048     " 

2  Thicknesses  of  manila 2  x  0.025  =  0.050     " 


Total 0.558  inch 

Depth 

2  Conductors  deep 2  x  0.350  -  0.700  inch 

4  Thicknesses  of  tape 4  x  0.0.30  -  0. 120     " 

4  Thicknesses  of  manila  paper 4  x  0.025  -  0. 100     " 

6  Thicknesses  of  lining 6  x  0.012  -  0  072     " 

Total 0.992  inch 

Now,  the  length  of  one  armature  turn  (found  by  drawing  the 

winding  to  scale  and  then  measuring  it),  is  87.5  inches ;  and  as  the 

resistance  of  a  copper  conductor  whose  area  of  cross-section  is  one 

square  inch,  and  whose  length  is  1  foot,  at  50**  C,  is  0.000009088  ohm, 

we  have  as  the  total  resistance  of  the  armature  winding  at  50*^. : 

0  0000090.S8  X  87.5  X  464      «^,_„    . 
''• 64X0028X12 ^^^^^  °*»"» 

Internal  Diameter  of  Core.    The  internal  diameter  of  the  core 


•  Or  let  X  s  width  of  slot:  y  a  width  ot  tooth.    Then  x  +  w  =  l.SS.  and  —   a  i.u 

l.U  ^ 

z  a  1.18  y;  and  we  bare  y  +  1.18  y  =  t.SS.  or  y  a  • 
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TABLE  XX 
Flux-Densities  in  Armature  Cores 


Ttfb 

FLOz-DEmuTT  (In  Unes  per  aq.  in.) 

Bipolar  drum-core 
Bipolar  ring-core 
High-speed  multipolar  ring-core 
Slow-speed  multipolar  ring-core 

50,000  to  90,000 
65,000  to  95,000 
45,000  to  85,000 
65,000  to  97,000 

may  now  be  fixed  by  ascertaining  the  requisite  radial  depth  of  the 
core  to  give  an  adequate  cross-section  of  iron  below  the  teeth.  The 
final  value  of  this  depends  upon  tlie  permissible  iron-loss,  which  limits 
the  flux-density  possible.  Table  XX  gives  values  for  average  flux- 
densities  in  armature  cores;  and  as  our  design  contemplates  a  slow- 
speed  multipolar  ring-core  armature,  we  may  select  a  flux-density  of, 
say,  83,000  lines  per  square  inch. 

Now,  the  flux  through  the  armature  core  at  rated  load  is  i  ^  = 

7600000 

— — jr^ =  3,800,000,  so  that  the  area  of  cross-section  of  the  arma- 

ture  core  will  be  3,000,000  -=-83,000  =  45.8  square  inches.  The  total 
length  of  the  armature  core  over  laminations  being  13  inches,  we 
have  the  net  length  13  X  0.814  =  10.575  inches,  allowing  10  per 
cent  of  the  gross  length  for  insulation  between  the  sheets  (page  79), 
and  1.125  inches  for  3  ventilating  slots,  each  |  inch  wide.  Hence  the 
radial  depth  of  the  armature  will  be  45.8 -j- 10.575  =  4.35  inches — 
say  4J  inches.  The  internal  diameter  of  the  armature  is  therefore 
45  -  (2  X  4.25  -H  2  X  1)  =  34.5  inches. 

Dimensions  of  Air-Gap.  In  assigning  a  length  to  the  air-gap,  it 
should  be  borne  in  mind  that  this  portion  of  the  magnetic  circuit  of 
continuous-current  machines  is  not  a  mere  clearance,  as  in  some 
alternating-current  motors.  It  plays  a  definite  part  in  the  process  of 
commutation.  It  has  been  found  by  experience  that  a  long  air> 
gap,  though  it  necessitates  more  ampere-turns  upon  the  field-magnets, 
is  of  advantage  in  commutation,  as  it  offers  an  obstacle  to  the  dis- 
tortion of  the  useful  flux  by  the  reacting  ampere-turns  of  the  arma- 
ture. Similar  results  ensue  by  making  the  flux-density  in  the  arma- 
ture teeth  high;  and  it  is  found  that  the  sum  of  the  ampere-turns 
required  for  the  air-gap  and  armature  teeth  per  pole  must  bear  a  cer- 
tain proportion  to  the  number  of  ampere-turns  of  the  armature  under 
one  pole-face  at  rated  load. 
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Now,  since  the  ampere-tums  needful  for  the  air-gap  are  propor- 
tional to  the  length  of  the  gap  /g  and  tlie  flux-density  in  the  gap  Bg, 
the  following  simple  approximate  rule  for  the  requisite  gap>-Iength 
can  be  given,  assuming  that  the  ampere-tums  needful  for  the  teeth 
bear  some  definite  proportion  to  those  needful  for  the  gap — for  in- 
stance, that  they  are  equal  to  25  per  cent  of  the  latter  at  rated  load: 

qd 


I,  -  k4X 


pB, 


where  k^,  the  stiffness  coeflScient,  varies  from  about  4  to  8.5  (the 
lower  value  applying  to  cases  where  the  saturation  of  the  teeth 
exceeds  130,000  lines  per  square  inch);</  =  diameter  of  armature; 
q  -  number  of  ampere-conductors  per  inch  of  periphery  of  armature; 
and  p  =  number  of  poles.  Making  k^  -  5,  in  our  design,  we  have: 
928X75^^, 

0.302  inch  (say  /,  inch). 


U 


5X 


141.8 


8  X  46,000 
The  flux-density  in  the  air-gap,  we  obtain  from  Table  XXI. 

TABLE  XXI 

Approximate  Values  of  Density  in  Air-Oap  with  Multipolar  Machines 
Having  Slotted  Armatures 


OoTFtrr  or  Machine  - 

Denhitt  in  .\ir-Gap 

(in  kilowatu) 

(in  lines  per  sq  in  ) 

1 

30,000 

5 

35,000 

10 

37,500 

25 

40,000 

50 

42,500 

100 

45,000 

200 

47,500 

300 

50,000 

500 

63,000 

1.000 

56,000 

2,000 

59,000 

Dimensions  of  Magnet-Pole  Cores.  These  must  have  sufficient 
cross-section  to  cany  the  flux  recjuircd  at  rated  load,  including  that 
which  forms  by  leakage — the  stray  flux.  The  densities  in  this  por- 
tion vary  from  75,000  to  100,000  lines  per  square  inch  (Table  IV, 
page  00),  and  the  usual  leakage  coefficients  are  given  in  Table  II, 
(page  77).  The  length  of  the  core  must  be  sufficient  to  carry  the 
field-exciting  winding;  and,  as  a  trial  value,  we  may  take  this  equal 
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to  from  J  to  1  time  t\w  Miaiiieter  (if  the  core  is  cylindrical),  nnhicinp 
the  value  so  assumed,  if  iieccssar}',  later  on.  In  case  the  core  is  not 
cylindrical,  we  may  take  the  length  of  the  pole-core  as  20  times  the 
lenjjth  of  the  air-pap,  if  the  machine  is  shunt-wound,  and  40  times 
the  length  should  it  be  com- 
pound-wound. 

In  our  case,  the  total 
flux  entering  the  armature 
at  rated  load  was  assumed 
to  be  7,600,000  lines;  and  if 
we  assume  a  leakage  co- 
efficient of  1.09,  the  total 
flux  in  the  pole-cores  will  be 
7,000,000  X  1.09=  8,300,000 
lines  at  rated  load.  Assum- 
ing a  flux-density  in  the 
pole-cores  of  96,000  lines  per 
scjuare  inch,  wehave8,300 ,000 
-r  96,000  =  86.5  squaerinches 
as  the  area  of  cross-section 
of  a  pole-core.  Making  them 
circular  in  cross-section,  we 
have  2  v'SQ^f^  n  =  10.5 
inches,  as  the  diameter  of 
the  pole-cores.  Making  the 
radial  length  of  the  cores  j  the  diameter,  we  get  }  X  10.5  =  7J 
inches,  as  a  trial  value. 

Cross-Section  of  the  Yoke.  We  may  now  decide  upon  the  req- 
uisite area  of  cross-section  of  the  yoke,  this  being  fixed  when  we 
know  the  flu.x-density  and  the  total  flux.  The  latter  is  8,300,000 
-T-  2  =  4,150,000  (see  page  79);  while,  if  we  make  the  yoke  of  cast 
iron,  the  flux-density  should  be  about  41 ,000  (Table  III) ;  4,150,000 
-r  41,000  =  101  sq.  in.  (say  100  square  inches),  making  a  flux-density 
of  41,500  lines  per  sfjuare  inch. 

Prelimlnaty  Summary.  We  may  now  collect  and  tabulate  the 
values  thu.'>  far  obtained,  as  follows: 


OiotrMdrsNalSAO-O 


Fig.  3SS.    Make-Up  of  Pole-Shoe  of  Generator 
whose  Construction  is  Described  In  Text. 
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General  Specifications: 

Rated  load,  kilowatts 150 

Rated  load,  terminal  volts •. 250 

Rated  load,  amperes 600 

Armature,  r.  p.  m 225 

Peripheral  speed  of  armature,  in  ft.  per  minute 2,650 

Number  of  poles 8 

Armature: 

Core-discs,  external  diameter,  in  inches 46 

"         "     internal  "  "      "        34.5 

Length  of  core  over  laminations,  in  inches 13 

Number  of  slots 116 

Depth  of  slots,  in  inches 1 

Width  of  slots,  in  inches 0 .  66 

Pitch  of  slots  at  armature  face,  in  inches 1 .  22 

Depth  of  iron  in  core  under  teeth,  iH  inches 4.25 

Number  of  conductors 928 

Arrangement 8    per    slot 

Style  of  winding Simplex  parallel 

Dimensions  of  each  conductor,  in  inches 0.08  by  0.35 

"  "      "  "       .insulated 0.14by0.41 

Section  of  each  conductor  in  square  inches 0.016 

Winding  pitch  in  number  of  teeth 13 

Length  of  armature  over  all,  in  inches 27 

Commutator: 

Diameter,  in  inches 29 . 5 

Number  of  segments 464 

Length,  in  inches 8 .  25 

Width  of  segment  at  face,  in  inches 0 .  16 

Thickness  of  mica  insulation 0 .  04 

Field-Magnet: 

Outer  diameter  of  yoke,  in  inches 77 .  25 

Inside  diameter  of  yoke,  in  inches 66 . 0 

Breadth  of  yoke,  in  inches 18.0 

All  the  preliminary  computations  have  now  been  made,  and  it 
now  remains  to  proceed  with  the  final  calculations.  A  scale  drawing 
(similar  to  Fig.  254)  should  now  be  made  of  the  machine,  using  the 
trial  values  thus  far  found.  From  this,  the  designer  will  be  able  to 
judge  of  the  ultimate  dimensions  of  the  machine,  and,  with  its  aid, 
he  will  be  able  to  make  a  complete  set  of  calculations  in  accordance 
with  the  principles  of  the  preceding  pages,  for  excitation,  heating, 
sparking,  and  efficiency,  as  will  presently  be  done.  From  the  results 
of  such  calculations,  it  is  then  easy  to  see  in  what  manner  to  alter 
the  original  design  in  order  to  fulfil  the  required  conditions. 
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Excitation.     We  shall  first  construct  the  magnetization  curve 
of  the  machine  by  the  method  described  on  page  135.     We  have: 
E     ZX  p  X  r.p.m.X  <f>» 

eoxiopxc 


928  X  225  X  8 


*. 


60X  10*X8 
-0.0000348  ^ 

With  the  aid  of  this  equation,  we  may  compute  the  following  table, 
the  leakage  coefficient  of  the  machine  being  1.09,  by  actual  measure- 
ment: 


OBMSmATBD  E.  M.  F. 

Flox  Emtkrino  Armature 

Flux  per  Pole  in  Maonet 

PER  Pole  (0,  ) 

Cores  (^  X   1.09; 

180 

5,180,000 

6,650,000 

200 

5,750,000 

6,260,000 

220 

6,320,000 

6,890,000 

240 

6,900,000 

7,520,000 

260 

7,470,000 

8,150,000 

280 

8,050,000 

8,780,000 

300 

8,620,000 

9,400,000 

330 

9,490,000 

10,320,000 

360 

10,340,000 

11,290,000 

From  the  drawings,  Figs.  253  and  254,  we  obtain  the  following 
dimensions: 

Mean  length  of  magnetic  path  in  magnet-yoke,  in  inches 29 

"  "      "  "  "      "    two  magnet-cores,  in  inches.  . .  15.75 

"  "      "  "  "      "  armature  core,  in  inches 10 

•'  "      "  "  "      "  two  teeth,  in  inches 2 

"      "  "  "     "  two  air-gaps,  in  inches 0.625 

Magnetic  area  of  magnet-yoke,  in  square  inches 100 

"     "  magnet-cores,    "      "  "       86  5 

"     "  armature  core.  "      "  "       45.6 

The  polar  angle  being  32**,  we  have  the  number  of  teeth  under 

32** 
each  pole  r— 3  X  116  =  10.3  (say  11  teeth),  with  the  allowance  for 
«Jt)U 

fringing. 

The  area  of  the  teeth  under  each  pole  may  then  be  taken  as 
11  X  0.505  X  10.72  =  59.5  square  inches. 

The  area  (effective)  of  the  air-gap,  being  equal  to  the  area  of  the 
pole-face,  is  163  scjuare  inches. 

We  now  have  all  the  data  for  constructing  the  magnetization 
cur\'eof  the  machine ;  and  in  the  accompanying  table  (top  of  pages  214 
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Computation  of  Ampere-Turns 


Portion 
or  Maonktic 

ClBCUlT 

Material 

• 

Ob 

E  =190 

^,  =  6,180,000 

^„  =  5,650,000 

.&  =200 

^,  =  5,750,000 

^„  =  6.260.000 

=1 

a! 

|l 

■  ^ 

a! 
Ill 

Magnet-Toke  

Cast  Iron 
Cast  Steel 

Air 
Sheet  Steel 

do 

29 
15.75 
0.626 

2 

10 

2X100 
86.5 
163 
59.5 

2X45.6 

28,250 
65,400 
31,800 
87,000 
56,700 

24 
5 
9,960 
23 
2.5 

695 
79 
6.230 
46 
25 

31,300 
72.500 
35,300 
96,600 
63,000 

28 

15 
11,020 
52.5 

3.8 

812 

Two  Magnet-C!ores. .. 

Two  Air-Gaps 

Two  Teeth 

236 

6,000 

105 

Armature  Core 

88 

Ampere-turns  per  Dalr  of  Doles 

7.075 

8,091 

and  215),  the  ampere-tums  required  for  various  generated  e.  ra.  f.'s 
have  been  computed  as  outlined  on  pages  135-143. 

From  the  computed  data  we  locate  the  following  points  on  the 


scale: 


E 

180 
200 
220 
240 
260 
280 
300 
330 
360 


AmpeboTurns  per  Pair  of  Poles 

7,075 

8,091 

9,252 
•  10,694 
12,493 
14,412 
16,517 
20,219 
24,392 


Plotting  a  curve  between  these  points,  we  have  the  magnetization 
curve  of  Fig,  256. 

Voltage-Drop  Compensation.  We  have  seen  that  the  necessary 
ampere-turns  at  rated  load  will  be  greater  than  those  at  no  load  by 
an  amount  depending  upon: 

1 .  The  value  of  the  I R  drop  in  the  armature  and  the  series  field- winding, 

2.  The  value  of  the  brush-contact  drop. 

3.  Amount  of  armature  demagnetization. 

4.  Amount  of  armature  distortion. 

The  resistance  of  the  armature  winding  at  50°  C.  was  found  to 
be  0.0172  ohm;  and  the  rated-load  current  being  G07  amperes,  the 
IR  drop  will  be  607  X  0.0172  =  10.5  volts.    The  current  in  the 
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for  Various  Generated  E.  M.  P.'s 


E  sSSO 

1   jr  «840 

E  -880 

IT  =880 

E   -800 

^  »  8.810.000 

^  ■  8.000.000 

^,  .  7.470.000 

^,  =  «,06O.00O 

^.  «  8.0)0,000 

^_  =  8,800.000 

^«7.8«0.000 

^  =  8.180.000 

^  =8.780.000 

^  -  9.400.000 

^1 

lii 

88 

\l 

^1 

!i1 

if 

5- 

n 

at 

ii 

1- 

^1 

ill 

ii 

a! 

II 

84.480 

1,100 

87.800 

46 

1,88! 

40.780 

58.5 

l.OOej  48.900 

716 

8.103 

47.060 

81.5 

8.888 

7».S0O 

l» 

800 

88.000 

86.4 

400 

M.900 

8BJ 

6K 

101.800 

56 

888108.900 

86 

1.880 

18.800 

18.180 

7JS00 

48.400 

18.860 

8,880 

45.000 

14.880 

8.960 

49.400 

15.450 

9.080 

58.000 

16.800 

10.880 

108.800 

W 

ise 

11,800 

287 

974 

187.800 

584 

1.048136.800 

788 

1.584 

145.000 

1.008 

8.008 

00,800 

6.4 

8t 

75,800 

10.8 

106 

81.900 

16.5 

105^ 

88.800 

85.4 

854 

94.500 

48 

480 

9.SS3 

10.004 

18.499 

14,418 

16,517 

brushes  being  40  amperes  per  square  inch  of  contact,  we  have  from 
Fig.  141  the  drop  due  to  brush  contact  =1.5  volts.    Allowing  1.5 
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^Flg.  966.    Ifagnetlzatlon  Curve  of  180  K.  W.  eo  Volt  Generator.  886  R.  P.  M. 

volts  for  drop  in  the  series  field-winding,  we  see  that  the  machine  must 
generate  250  +  13.5  =  263.5  volts  at  rated  load. 
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Finding  this  point  on  the  scale  of  ordinates  of  the  curve,  Fig. 
256,  we  find  the  point  X^  on  the  scale  of  abscissae,  which  corresponds 
to  the  ampere-turns  required  per  pair  of  poles  at  rated  load  if  arma- 
ture reaction  were  entirely  absent.    This  makes  X^  =  12,830. 

At  rated  load  the  brushes  are  given  a  lead  of  5  segments — that  is, 
a  lead  of  8.6  per  cent.  Hence  the  percentage  of  demagnetizing 
ampere-turns  =  17.2  per  cent  of  the  total  armature  turns.  As  there 
are  464  turns  on  the  armature,  each  carrying  75  amperes,  the  demag- 
netizing ampere- turns  per  pair  of  poles  will  be : 

460  X  76  X  .172     ,  _,_ 
4 1»510. 

Multiplying  this  by  the  coefficient  of  magnetic  leakage,  the  com- 
pensating ampere-turns  per  pair  of  poles  will  be  1.09  X  1,510  = 
1,645. 

Adding  these  to  X^,  we  find  X^  =  14,470,  assuming,  for  the 
moment,  that  there  is  no  drop  in  pressure  due  to  diminished  per- 
meability of  the  teeth  at  the  forward  pole-horn.  For  this  latter  we 
must  allow,  as  explained  on  pages  141-144. 

We    have    the    distorting    ampere-turns    per    pair    of    poles 

464  X  76  X  0.828      7  o7n      t-v,     *  +     ff  7  o7n 

= =  7,270.  Inerefore  set  on  7,270  ampere- 
turns  on  each  side  of  the  point  X^  upon  the  scale  of  abscissae,  and 
thus  obtain  the  points  A  and  B,  which  represent  the  hindward  and 
forward  pole-horns  respectively.  If  the  distortion  of  the  main  flux 
were  absent,  the  latter  would  be  proportional  to  the  area  A  B  C D; 
but  as  it  is  not  so,  it  is  proportional  to  the  smaller  area  ABLK.  In 
order  to  make  this  area  equal  to  that  of  the  rectangle,  we  must 
shift  the  point  F  higher  up  the  curve  to  some  such  position  as  F', 
so  that  area  A'  B'  L'  K'  =  area  A  B  C  D.  In  this  manner  we  obtain 
the  point  X^  =  15,700  as  the  necessary  number  of  ampere- turns  per 
pair  of  poles  at  rated  load. 

Shunt  Field-Winding.  From  Fig.  256  we  see  that  10,700  ampere- 
turns  are  needed  when  the  terminal  voltage  of  the  generator  is  240 
volts — that  is,  when  no  external  current  is  being  drawn.  Hence  we 
shall  require  5,350  ampere-turns  per  pole. 

Assuming  a  depth  of  winding  of  about  H  inches,  we  get  the 
length  of  a  mean  turn  as  3.54  feet.  Then,  from  formula  on  page  87, 
we  get  No.  10  wire  as  the  most  suitable  size  to  use.     Planning  to  have 
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72.5  per  cent  of  the  available  250  volts  (that  is,  181.5  volts)  as  the 
terminals  of  the  field  spools  when  hot  (the  remainder  being  con- 


E-773I-C- 
ConnectDTA 


Tape  Coils  Wifh  One  Layer 
of  Heavy  Cotton  Tape -HzJr  Lap. 

Pte.  JW.    Mske-Up  of  Field-Colls  of  Generator  whose  C!onstrucllon  is 
Described  in  Text. 

sumed  in  the  field  rheostat),  we  require ^^—  =  ^-^  amperes 

5  570 
per  spool.     Hence  the  turns  per  shunt  spool  will  be  -^-^  =  800. 

The  length  of  800  turns 
will  be  2,830  feet,  giving  a 
resistance  of  very  nearly  2.9 
ohms  per  shunt  spool. 
They  will  be  arranged  in 
25  layers  of  32  turns  each 
(2  coils  per  pole). 

Series  Field-Winding. 
This  winding  is  nKjuirwl  to 
supply  2,280  ampere-turns 
at  a  rated  load  of  607  am- 
peres. Planning  to  divert 
31. G  per  cent  of  this  current 
through  a  rheostat  in  par- 
allel w  ith  the  winding,  we 
find  0.684  X  607  =  415  am- 
peres   available    for   series 
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excitation.    Hence  each  series  coil  should  consist  ^f-^ 
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turns.    The  mean  length  of  one  turn  is  found  to  be  3.4  feet,  so  that 
5.5  turns  have  a  length  of  18.7  feet. 

The  series  winding  per  spool  consists  of  5.5  turns,  made  up  of 
5  strips  of  sheet  copper  1 .5  inches  by  jJg  inch  section  =  0.465  square 
inch.     At  20°C.  the  resistance  will  therefore  be: 

0.00000814  X  18.7        _  nnnoo^    u 

TT-^i =  0.000327  ohm. 

0  .465 

Losses.    Armature.    For  the  armature  copper  loss  we  have: 

607^  X  0.0172  =  6,350  watts. 
To  compute  the  armature  iron  loss,  we  have: 

Volume  of  teeth  =  °-^^  +  "-^  x  1  X10.72  X  116  =  663  cu.  In. 

and 

Volume  of  core        =^"(43-  Sis  )  X  10.72  =  5,556  cu  in. 

Hence,  from  formulae  on  pages  14  and  15,  we  have : 

1.6  -7 

Hysteresis  loss  in  core        =  0.83  x  0.004  X  15  x  83,000  X  6,555  X  10  =  1,970  watts 

1.8  -7 

teeth       =  0.83  X  0.004  X  16  X  126,000  X  663  X  10  =  477      " 

2  —2 2  -12 

Eddy-current  loss  in  core    =  40.6  X  0.023    X  15  X  83,000   x  6,555  X  10     =  169 

1        —2 2  -12 

•'      "  teeth  =  40.6  X  0.022    X   15   X  126,000  X  663  X   10    =  46       - 

Total  iron  losses  at  rated  load       =  2,668  watts 

Hence,  total  armature  losses  =  6,350  +  2,662  =  9,012  watts. 

Excitation.  The  resistance  of  the  shunt  field-coils  per  pole  at 
50°  C.  =  2.9  ohms,  and  they  are  then  supplied  with  6.96  amperes. 
Hence  the  I'R  loss  at  rated  load  =  6^^  X  3.22  X  8  =  1,240  watts. 
The  total  loss  in  shunt  field  and  rheostat  at  rated  load  =  250  X  6.96 
=  1,740  watts. 

The  resistance  of  the  series  winding  of  each  pole  at  50°  C.  is 
0.000365  ohm;  so  that  at  rated  load,  with  415  amperes  in  this  wind- 
ing,  the  loss  =  415^  X  0.000365  X  8  =  490  watts. 

The    resistance    in    parallel  with   the    series  winding  will    be 

'—— =  0.00644  ohm.     Hence   the  loss  in  the  parallel 

lo8 

rheostat  at  50°  C.  and  rated  load  =l88^  X  0.00644  =  227  watts. 

The  total  loss  in  series  field-winding  and  resistance,  therefore, 
=  490  +  227  =  717  watts,  giving  a  drop  at  rated  load  of  1.18  volts. 

Commidator.  Upon  the  commutator  are  pressed  24  brushes,  each 
having  an  area  of  contact  of  1.125  square  inches.  The  total  area  of 
all  the  brushes  will  therefore  be  27  square  inches.     Hence,  by  formula 
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on  bottom  of  page  125,  assuming  a  brush  tension  of  1.25  pounds  per 
stjuare  inch,  the  brush-friction  loss  =  27  X  1. 25  X  0.3  X  l,r>50  X 
746  ^  3,300  =  378  watts. 

The  total  brush-contact  drop  is  1.6  volts.    Hence  the  loss  at 
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Pig.  980.    Carves  of  Machine  Losses. 

.i— Machine  Losses  at  SO  Crcles  per  Second ;  a— Sample  Losses  at  90  Cycles  per  Second; 
A— Ratio  between  a  and  A :  //—Machine  Losses  at  15  Cycles  per  Second ;  fr— Sample  Losses 
at  15  Cycles  per  Second ;  r— Ratio  between  b  and  B. 

brush  contact  =  607  X  1.6  =  971  watts.  Thb  makes  the  total 
commutator  loss  =  971  +  37S  =  1,249  watts. 

Bearing  Friction  and  Windage.  Owing  to  this  being  a  direct- 
driven  (slow-speed)  machine,  we  may  assume  the  losses  due  to  bearing 
friction  and  windage  as  §  of  1  per  cent  of  the  output  (that  is  =  1 ,000 
watts). 

Efficiency.    The  total  rated-load  losses  are: 

Armature  Iom  9,012  watts  -■  5.51  per  cent 

Excitation  Iom  2.457      "      -  1..50     "      " 

Commutator  loss  1,249      "      -  0.5S     "      " 

Bearing  friction  and  windage     1,000      "      -  0.61     "      " 

Total  loasea  13,718      "  8^     "      " 
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91.8  per  cent. 


Hence  the  efficiency  is : 

150.000 
163,440 

Heating,  (a)  Armature.  From  the  drawings  the  radiating 
surface  of  the  armature  is  found  to  be  4,510  square  inches  (counting 
cylindrical  surface,  and  tails  of  rear  flanges);  the  peripheral  speed  is 
2,650  feet  per  minute. 

The  total  armature  loss  being  9,012  watts,  we  must  radiate 
9,012 


}  100 

s 


40 


20 


^    =  2    watts 
4,510 

per  square  inch  of 
radiating  surface. 
Fig.  139  shows  that 
this  will  give  a 
rise  of  50°  C.  at 
rated  load  and 
speed ;  but  actual 
tests  on  the  machine 
have  shown  an  in- 
crease (by  ther- 
mometer) of  only 
25°  C. 

(b)  Magnet  Sys- 
tem. The  total  ra- 
diating surface  pro- 
vided for  the  shunt 
winding  -  1,740 

square    inches,  so  that  it  is  neoessarj'  to   radiate  0.715   watt  pe» 
square  inch.     Assuming  /i  —  35  in  formula  on  page  91,  we  have: 

flm-  35  X  0.715  -  25°  C.  for  the  shunt  winding. 
Actual  test  showed  it  to  be  22.5°  C. 

The  total  ratliating  surface  allotted  to  the  series- winding  =  615 
square  inches,  and  as  490  watts  are  consumed  here,  we  must  radiate 

490 

=  0.796  watt  per  square  inch.    Therefore, 

615 

fl„-  35  X  0.796  -  27.8°  C. 

CommtUaior.     For  the  probable  testing  of  this  portion  of  the 
machine,  we  have,  from  page  126: 
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46.5X971  ^230C. 


"       1,100(1  +  0.005  X  1,650) 

Sparking.  The  ratio  of  the  ampere-turns  required  at  full  ex- 
citation to  drive  the  flux  tlirough  the  air-gap  and  teeth,  to  the  whole 
number  of  ampere  conductors  (at  rated  load)  that  lie  under  one  pole- 
face,  is  5,000  -f-  3,635  =  1.37,  providing  a  stiff  field.  The  amperes 
collected  per  brush  set  are  150.  The  voltage  between  commutator 
segments  is  4.32,  and  the  stiffness  ratio  (page  208)  is  (46,000  -f-  928 
X  76)  X  141.8  =  92*;  all  of  which  indicate  sparkless  commutation. 


DETAIL   SHEET 

GENERATOR  DESIGN 


Name Date  submitted . 


Specification 

1  Kilowatts 160 

2  Terminal  volts,  rated  load 250 

3  Kilowatts  no  load 240 

4  Amperes,  rated  load 600 

5  Revolutions  per  minute 225 

6  Number  of  poles 8 

7  Frequency  in  cycles  per  second 15 

8  Peripheral  speed  of  armature,  feet  per  minute 2,650 

Materials 

9  Armature  core Sheet  Steel 

10  Armature  spider Cast  Iron 

11  Armature  binding  wire No.  16  Phosphor  Bronze 

12  Conductors Copper 

13  Commutator  segments Copper 

14  "  leads Copper 

16  "  spider Cast  Iron 

16  Pole-pieces Cast  Iron 

17  Magnet-cores Cast  Steel 

18  Magnet-yoke Cast  Iron 


•tr  on  ^  Stiffness  coefflclem  X  Diameter  of  armature     ,.  ,,,, 

•i«  92  <  — — — - — ,  the   conditions  as  regards 

p  X  Length  of  air-gap  * 

air-gap  length  are  correct. 
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19  Brushes..  ..Carbon 

20  Shaft.  Steel  (0.36%C.) 

21  Bearings 

DtMENHIONM 

Armature — 

22  Diameter  over  all .  .  45  in. 

23  Diameter  at  bottom  of  slots  .  .  43  in. 

24  Internal  diameter  of  core ....  34 . 5  in. 

25  Length  over  conductors 27  in. 

26  Length  of  core  over  laminations. .  13  in. 

27  Insulation  between  sheets  % ..9.8% 

28  Number  of  ventilating  ducts 3 

29  Width  of  each  ventilating  duct ...0.375  in. 

30  Effective  length,  magnetic  iron 10. 72  in. 

31  Effective  length  of  core  -•-  total  length 82.5% 

32  Thickness  of  sheets '.  0.022  in.  and  /,  in.  at  enda 

33  Number  of  sheets 479  of  0.022  in.  and  4  of  /,  in.* 

34  Number  of  slots 116 

35  Depth  of  slot 1  in. 

36  Width  of  slot  at  root 0.66  in. 

37  "  "surface 0.66  in. 

38  Width  of  tooth  at  root 0.505  in. 

39  Width  of  tooth  at  armature  face 0 .  560  in. 

.-  -.        ,        J     »       T^-  I  Depth.  .0.35  in. 

40  Sixe  of  conductor,  Diam  ^  Width.  .0.08 in. 

41  Size  of  conductor  insulated 0. 14  in.  by  0.41  in. 

42  Pitch  of  winding,  No.  of  teeth  ....  13 

43  Total  number  of  face  wires  or  bars 928 

44  Arrang.  of  wires  or  bars  per  slot .  .  .  .4-0.08  in.  wide;  2-0.35  in.  deep 
46  Number  in  parallel  per  slot . .  .0 

46  "       "   series       "      "     .  .  .8 

47  Copper  section  ■+■  slot  section  ....  0 .  34 

.«„,.......  J        J  1  0 .  079jin.  on  sides  of  slots 

48  Total  msulatjon  between  cond.  and  core  ....<  -   ,o-  .  ,    ^^         . 

(0.127  in.  on  bottom  do. 


49 


^.  .  .  ....  J  f  0.060  m.  vertically. 

Thickness  insulation  between  conds •irturv-      i.  i 

I  0. 110  in.  between  li 


.  10  in.  between  layers 
Gap- 
so     Length  in  center.  .  . 

51  Length  maximum 

52  Bore  of  field 

Pole-Piece — 

53  Length  parallel  to  shaft . 

54  Length  of  arc,    max 

55  Length  of  arc,    niin 

56  Thickness  at  edge  of  core 


A 

in. 

do 

45* 

in. 

.  .13 

in. 

13  48 

in. 

11   57 

in 

1* 

in 

*4  •ecUoos  per  sbeet. 
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Magnet-Core — 

67  Length  of  magnet-core,  radial 7 J  in. 

68  Diameter   of   magnet-core 10^   in. 

59  Length  parallel  to  shaft lOJ  in. 

60  Distance  between  magnet-cores 9  in. 

Magnet-Coils — 

61  Length  over  all  winding  space ^ 75  in. 

62  Thickness  of  insulation  on  flanges 

63  Thickness  of  insulation  on  body zt^^- 

64  Length  of  main  winding  space,  ex.  insuln.  (shunt)  ....  Each  coil  =  2  in. 

65  Length  of  compound  winding  space,  ex.  insuln 1 J  in. 

66  Depth  of  winding  space,  ex.  insuln 

67  Total  section  of  field  copper 9 .  12  sq.  in. 

68  Size  of  shunt  conductor No.  10  B.  and  S.G. 

69  Turns  in  series  per  pole 2  coils,  each  400  turns 

70  Size  of  compound  conductor 5  strips,  1^  in.  by  ^  in.,  in  parallel 

71  Turns  in  series  per  pole 5 J 

Yoke— 

72  Outside  diameter 77 J  in. 

73  Inside  diameter 66  in. 

74  Thickness 5f  in. 

-c  r»-         *  u  Pig.  261.    Section  of 

75  Diameter  over  ribs Yoke. 

76  Thickness  of  ribs 1  in. 

77  Length  along  armature 18  in. 

Commutator  and  Brushes — 

78  Diameter 28  in. 

79  Number  of  segments 464 

80  "  "         per  slot 4 

81  Width  of  segment  at  commutator  face 0 .  158  in. 

82  Width  of  segment  at  root 0. 138  in. 

83  Useful  depth  of  segment 1 .  25  in. 

84  Thickness  of  mica  insulation 0.035  in. 

85  Available  length  surface  of  segment 8 .  25  in. 

86  Cross-section  commutator  leads 0.0468  sq.  in. 

87  Total  length  of  commutator 12 . 5  in. 

88  Peripheral  speed 1,650  ft.  per  min. 

89  Number  of  sets  of  brushes 8 

90  Number  in  one  set 3 

91  Length 3  in. 

92  Width 2.25  in. 

93  Thickness 0 .  50  in. 

94  Area  of  contact,  one  brush 1 .  125  sq.  in. 

95  Area  of  contact,  one  set 3 .  375  sq.  in. 

96  Type  of  brush Radial  Carbon 

Armature 

97  No-load  voltage 240  volts 

08  Type  of  winding Simplex,  Singly  Re-entrant,  Lap- Wound  Drum 
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99  Number  of  circuits 8 

100  Mean  length,  one  armature  turn. .  .  87.5  in. 

101  Total    armature    turna 464 

102  Turns  in  series  between  brushes 58 

103  Length  between  brushes  423  ft. 

104  Cross-section  one  arm.  conductor 0.028  sq.  in. 

105  Amperes  per  square  inch  in  armature  conductor 2,714 

106  Resistances  between  brushes  at  20°  C 0. 123  ohm 

107  Resistances  between  brushes  at  50**  C 0. 138  ohm 

.„„,»,..  ,  f  20*  C.  0.0154  ohm 

108  Total  resistance  of  armature  at <  _-„  /^  «  «,-„    . 

150*  C.  0.0172  ohm 

109  C.  R.  drop  in  armature  at  50*  C 10.5  volts 

1 10  Total  internal  voltage,  rated  load 263 . 5  volts 

111  Amperes  per  square  inch  in  commutator  connections 1,210 

Commutator 

1 12  Average  volts  between  bars 4 .  32 

113  Amperes  per  square  inch  of  brush  contact 45 

1 14  Drop  in  brush  contacts 15  volts 

Commutation 

115  Average  voltage  between  commutator  segments 4  .32 

1 16  Armature  turns  per  pole 58 

117  Amperes  per  turn 76 

1 18  Armature  ampere-turns  per  pole 4,400 

119  Allowable     ampere-turns     per     pole 4,560* 

I  no  load 

120  Segments  lead  of  brushes J.  half  load 

'  rated  load 5 

121  Percentage  lead  of  brushes,  rated  load 8.6% 

122  Percentage    demagnetizing   ampere-turns,    rated   load 17.2% 

123  Percentage  distorting  ampere-turns,  rated  load 82.8% 

124  Demagnetizing  ampere-turns  per  pole 755 

125  Distorting  ampere-turns 3,636 

Shunt  or  Main  Field 

126  No.  of  turns  in  series  per  pole 2  X  400  —  800 

127  No.  of  coils  in  series 16  (i.e.,  2  per  pole) 

128  Mean  length  of  turn 42 . 6    in. 

129  Resistance  of  mean  turn  20*  C 0.00362  ohm 

130  Total  number  of  turns 6,400 

131  Total  resistance  at  20*  C 23.2  ohms 

132  Total  resistance  at  50*  C 26. 1  ohms 

133  Amperes,  no  load 6 .  675 

134  Amperes,  rated  load 6 . 96 

135  Volts  at  field  terminals,  no  load 240 

136  Volts  at  field  terminals,  rated  load 250 

137  Amperes  per  sq.  in.,  no  load 818 


•Allowable  ampere-turns  per  pole  =  number  of  ampere-tams  per  pole  required  to 
maintain  the  rated-loed  flux  In  ttie  air-gap. 
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138  Amperes  per  sq.  in.,  rated  load 865 

139  Rheostat   resistance 24    ohms 

140  C.  R.  drop  rheostat  50°  C 68.5  volts 

Series  or  Compound  Field 

141  No.  of  turns  in  series  per  coil 6J 

142  No.  of  coils  in  series 8 

143  Mean  length  of  turn 40 .7  in. 

144  Resistance  of  mean  turn 0 .  0000585  ohm 

145  Total  number  of  turns 44 

146  Total  resistance  at  20°  C 0 .00257  ohm 

147  Total  resistance  at  50°  C 0 .  00290  ohm 

148  Amperes,  rated   load 416 

149  Amperes  per  sq.  in.,  rated  load. . 892 

160  Resistance  of  rheostat  in  parallel  with  series  field 0 .  00644  ohm 

Magnetic 

161  Megalines  entering  armature  per  pole,  no  load 6.9 

152  Megalines,  entering  armature  per  pole,  rated  load. . 7.6 

153  Coefficient  of  magnetic  leakage,  actual 1 .09 

154  Megalines  in  field,  no  load , 7.6 

166  Megalines  in  field,  rated  load ,.8.3 

156  Armature,   section 46 . 6    sq.    in. 

157  Length,  magnetic 10  in. 

158  Density  no  load 75,600 

159  "        rated  load 83,000 

160  Ampere-turns  per  inch  length,  no  load 10 . 8 

161  Ampere-turns  per  inch  length,  rated  load 18.0 

162  Ampere-turns,  no  load 108  "i  •     *      i 

163  Ampere-turns,  rated  load 180  I  P""^  ^^^  °^  P°^^' 

164  Teeth  transmitting  flux  from  one  pole-piece 5^=  X  116=10. 3 

166  Allowances  for  spread  of  flux 07 

166  Section  of  roots 69 . 6  sq.  in. 

167  Length 2X1  =  2  in. 

168  Apparent  density,  no  load 116,000 

169  "  "       rated  load 127,800 

170  Corrected  "       no  load 114,000 

171  "  "       rated  load 123,000 

172  Ampere-turns  per  inch  length,  no  load 287 

173  Ampere-turns  per  inch  length,  rated  load 666 

174  Ampere-turns,  no  load 674  »  •     *      1 

176  Ampere-turns,  rated  load 1,130  f  P^'P"'  °^  P°^^' 

176  Gap,  section  at  pole-face 163  sq.  in. 

177  Length   gap 2  X  5-16  in.  «=  0.625  in. 

178  Density  at  pole-face,  no  load 42,400 

179  "  "        rated  load 46,000 

180  Ampere-turns,  no  load 8,280 1  ■     e      ^ 

181  Ampere-turns,  rated  load 9,090  /  P^'  P*''  °^  P°^^^ 

182  Magnet-Core,  section 86 . 6    sq.    in. 

183  Length  (magnetic) 2  X  7.876  =16.76  ic. 
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184  Density,  no  load 86,900 

185  Density,  rated  load 96,000 

186  Ampere-turns  per  inch  length,  no  load 25.4 

187  Ampere-turns  per  inch  length,  rated  load .  .  .42 

188  A  mpere-turns,  no  load 400  }  *      i 

189  Ampcre-tun>s,  rated  load 661  f  P®'  ^^"  "^  P°'*" 

190  Magnetic  Yoke,  section 100  sq.  in. 

191  Length  per  pole 29  in. 

192  Density,  no  load 37,600 

193  Density,  rated  load 41,500 

194  Ampere-turns  per  inch  length,  no  load. 46 

195  Ampere-turns  per  inch  length,  rated  load 61 

196  Ampere-turns,  no  load 1,332  j  ■     t      i 

197  Ampere-turns,  rated  load 1,769  f  ^'  P*""  °'  P**'®" 

Akpere-Tvrns  per  Pole 

No  Load  and       Rated  Load  and 
240  Volts.   263.5  Internal  Volla 

198  Armature  core 54  90 

199  Armature  teeth 287  565 

200  Gap 4,140  4,545 


201 
202 


Magnet-pole. 200 

Magnet-core  \ 


330 


203  Magnet-yoke 666  884 

5,347  6,414 

204  Demagnetizing  ampere-turns  per  pole,  at  rated  load 755 

205  Allowance  for  increase  in  density  through  distortion 615 

206  Total  ampere-turns  at  rated  load  and  260  terminal  volts 7,850 

207  If  the  rheostat  in  the  shunt  circuit  is  adjusted  to  give  5,347  ampere- 

turns  at  240  volts,  then,  when  the  terminal  voltage  is  250,  the  shunt 

250 
excitation  will     amount    to  ^ttj    X  6,347   —   5,570    ampere-turns. 

7,850  -  5,570  -  2,280  ampere-turns  must  be  supplied  by  the  series 
winding. 

Calculation  or  Spool  Winpino 
Shunt— 

208  Mean  length  of  one  shunt  turn  - 42.6  in. 

209  Ampere-turns  per  shunt  spool  at  rated  load 5,570 

210  Ampere  feet 19,800 

211  Total  radiating  surface  of  two  shunt  field-spools  +  aeries  field- 

spool  294  sq.  in. 

212  Proportion  available  for  shunt  —  X  —  217  sq.  in. 

213  Permit  .40  watt  per  square  in,  at  20*>  C 

214  .-.  217  X  .40  -  87  watts  per  shunt  spool  at  20"  C 

215  And  98  watts  per  shunt  spool  at  50®  C 

216  Plan  to  have  72.5  per  cent  of  the  available  250  volts  (i.e.,  181.5)  volts 

at  the  terminals  of  the  field-spools  when  hot,  the  remainder  being 
consumed  in  the  field  rheostat.     This  is  161.5  volts  at  20"  C,  or 
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20  2 
20.2  volts  per  spool.     Hence  require  -^-^  =  6.96  amperes  per  spool. 

5.570 

217  Turns  per  shunt  spool  =    .,'  _  -    =   800 

D  .wo 

218  Length  of  800  turns 2,830  ft. 

219  Pounds    per    1,000  ft 40    "calculated" 

220  No.  10  B.  andS.  has  31.5 lbs.  per  1,000ft.,  2.83  X  31.5  =89  lbs.  "used" 

per  pole. 

221  Bare  diameter 0.102  in. 

222  S.  C.  C.  diameter 0.108  in. 

223  Cross-section  of  copper 0.00815  sq.  in. 

224  Amperes  per  square  inch 855 

225  Length  of  the  portion  of  winding  space  available  for  shunt  winding .  4  in. 

226  Winding  consists  of  25  layers  of  32  turns  each,  of  No.  10  B.  and  S. 

Series  Winding 

227  The  series  winding  is  required  to  supply  2,280  ampere-turns  at  rated 

load  of  600  amperes. 

228  Planning  to  divert  31.6  per  cent  through  a  rheostat  in  parallel   with 

the  series  winding,   we  find    we   have   607  X  0.684  =  415  amperes 

available  for  the   series   excitation;    hence   each  series   coil  should 

.  ^      f  2,280        .  .   . 
consist    of     .  r^r~  =  5.5  turns. 
415 

229  Mean  length  of  series  turn 40.8  in. 

230  Total  length  of  5.5  turns 18.7  ft. 

231  Radiating  surface  available  for  series  coil 77  sq.  in. 

232  Permit  .  40  watt  per  square  inch  in  series  winding  at  20°  C. 

233  Watts  lost  per  series  spool  at  20°  C.  =   .  40  X  77  =   31 

31 

234  Hence  resistance  per  spool  at  20°  C.  =  ,-, ,  ^.^  =  0.00018  ohm. 

(415)' 

235  Copper  cross-section  =  0.465  square  inch,  "calculated." 

236  Series  winding  per  spool  consists  of  5.5  turns  made  up  of  5  strips  of 

sheet  copper  1.5  in  X  xV  ^^■ 

Thermal  Calculations  and  Losses 
Armature — 

237  PR  loss,  rated  load,  at  50°C 6,350  watts 

238  Hysteresis  loss,  rated  load  \  ^    ^, '  „_     ,, 

/  teeth 477     " 

(  core  169     " 

239  Eddy-current   loss,   rated  load  j         , ' „ 

240  Total  hys.  and  eddy-cur.  losses,  rated  load 2,662     " 

241  Total  hys.  and  eddy-cur.  losses,  no  load 2,300     " 

242  Total  armature  loss,  rated  load 9,012     " 

243  Radiating  surface  of  armature 4,510  sq.  in. 

244  Watts  per  square  inch  radiating  surface 2 

245  Assumed  increase  of  temperature  per  watt  per  square  inch  of  radiat- 

ing surface  as  measured  by  increased  resistance =  25°C. 

246  Hence,  estimated  total  increase   temperature  of  armature  at  rated 

load -  60°C. 
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Shunt  or  Main  Field — 

247  I'R  total,  no  load  50<*  C 939  watU 

248  PR  total,  rated  load  60*  C.  1,240     " 

249  Radiating  surface 1,740  sq.  in. 

250  Watts  per  sq.  in.,  rated  load.  .  0.715 

251  Total  increase  in  temperature,  rated  load  ...  25'  C. 

252  I.  E.  rated  load,  field  and  rheostat 1,740  watt* 

Series  or  Compound  Field — 

253  I -R  total,  rated  load                 .    .490  watU 

254  Radiating  surface .  .  615  sq.  in. 

255  Watts  per  sq.  in..,  rated  load .  .  .0.796 

256  Total  increase  in  temperature,  rated  load  .27.8°  C. 

257  I.  E.  rated  load,  field  and  resistance 717  watts 

COMMUTATO:; — 

258  Area  of  all  positive  brvshes 13 . 5  sq.  in. 

259  Brush-contact  loss .  971  watts 

260  Brush  pressure  assumed,  1.25  lbs.  per  square  inch 33.8  lbs. 

261  Coefficient  friction   0.3 

262  Peripheral  speed  of  commutator,  feet  per  minute .  1 ,650 

263  Brush    friction 10.1  lbs. 

264  Stray  power  lost  in  commutator  ....  378  watts 

265  Total  commutator  loss ...  1,249  watts 

266  Radiating  surface  in  sq.  in 1,100 

267  Watts  per  square  inch  radiating  surface  of  commutator,  rated  load  1 .  14 

268  Increase  of  temperature  per  watt  per  sq.  in.  radiating  surface  =  20°  C. 

269  Total  estimated  increase  of  tem.  of  commutator,  rated  load  ...  22 . 8°  C. 

Brushes — 

270  Total  estimated  increase  of  temperature 30"  C. 

271  Total  losses,  rated  load  .  13,440  watts 

272  Total  losses,  no  load  4,690  watta 

Efficiency  Calculation 

273  Output,    rated   load .  160,000  watts 

274  Core  loss 2,662     " 

275  Commutator  and  brush  loBsea.  .  ...1,249     " 

276  Armature  PR  at  50"  C 6,350     " 

277  Shunt  spools  PR  at  50*»  C 1,240     " 

278  "      rheostat  at  50"  C 600     " 

279  Series  spools  PR  at  50"  C  490     " 

280  "      rheostat  at  50"  C 227     " 

281  Friction  in  bearings  and  windage  . 1,000     " 

Input 163.718     " 

282  Commercial  efficiency  at  rated  load  and  50*  C 91 .7  per  cent 

283  Inherent  regulation,  per  cent ^ 104  per  cent 

Weights 

284  Armature   magnetic  core .  1  330  lbs. 

285  "  teeth  . .  140  " 
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286  Armature    spider 1,000  lbs. 

287  "  shaft 

288  "  end  flanges 450  lbs. 

289  "  copper ^ 450  " 

290  Commutator  segments 610  " 

291  •  "  spider 400  " 

292  '  rings 90  " 

293  Other  parts  of  armature  and  commutator 80  " 

294  Armature  complete,  including  commutator  and  shaft 4,450  " 

295  Pole-pieces »  , 

296  Magnet-cores ' 

297  Magnet-yoke 3,794  " 

298  Shunt  coils 694  " 

299  Series  coils 306  " 

300  Total  spool  copper 1,080  " 

301  Brush-gear • 533  " 

302  Bed-plate  and  bearings 

303  Machine  complete 12,400  net  lbs. 

Drawings  Required 

304  Longitudinal  cross-section, 

305  End  elevation. 

306  Plan. 

307  Diagram  of  armature  winding. 

308  Details  of  important  features. 

309  Efficiency  curve. 

310  Curve  of  regulation. 

311  Curves  for  losses  from  no  load  to  rated  load. 

312  8  X  lOJ-in.  paper  required  for  description  of  method  of  calculation. 
Drawings  to  be  made  with  pencil  on  brown  drawing  paper,  then  traced 

and  blue-printed. 
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Comparison  between  Dynamos  and  Motors.  The  dynamo  is 
a  mjuhiiu'  for  tlu'  conversion  of  nuthanical  into  electrical  energy; 
conversely,  the  electric  motor  convertij  electrical  energy  into  mechani- 
cal work.  The  electrical  energy  delivered  by  the  dynamo  must  be 
obtained  from  a  steam  engine,  water-wheel,  or  other  jwwer;  and  the 
mechanical  power  obtained  from  the  electric  motor  comes  from  the 
energy  of  the  current  flowing  through  its  armature.  The  two  ma- 
chines are  exactly  complemen- 
tary; and,  in  the  case  of  direct- 
current  apparatus,  we  shall  see 
that  the  same  structure  can  Ixj 
Uicd  for  either  service.  The 
differences  that  are  found  in 
practice  are  largely  mechanical, 
and  arise  chiefly  from  the  con- 
ditions under  which  the  motor 
must  work. 

The  study  of  the  electric 
motor,  therefore,  l)egins  with  a 
knowledge  of  the  dynamo;  and 
before  reading  the  following 
pages,  the  student  should  be 
sure  that  he  understands  fully 
tlie  fundamental  principles  and 
mechanical  details  of  Dynamo- 
Electric  Machinery. 

Force  on  a  Conductor  Carrying  a  Current.  Fig.  1  represents 
a  wire  Iving  in  a  magnetic  held,  and  carrying  no  current.  If  the 
polar  surfaces  of  the  field  are  large  and  close  together,  the  magnetic 
lines  pa.ss  straight  from  one  to  the  other;  they  are  not  distorted, 
whether  the  wire  is  at  rest  or  in  motion.  'Hiis  is  the  condition  in  the 
air-gap  of  a  dynamo  or  motor  when  no  current  is  flowing  in  the 


^ 


N 


Fig.  1. 


Conductor  ranryinu  No  Current, 
lu  IX  Mai;Uftlc  Field. 
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armature  conductors.  The  rotation  of  the  armature  in  the  magnetic 
field  generates  an  electromotive  force,  but  there  is  no  mechanical  force 
upon  the  conductors  due  to  this  action  in  itself.  When,  however,  a 
current  flows,  it  sets  up  a  magnetic  field  of  its  own  about  the  con- 
ductor, as  shown  in  Fig.  2;  and  this  field  distorts  the  original  field 
in  which  the  conductor  lies,  making  the  magnetic  lines  denser  on  one 
side  and  less  dense  on  the  other.     This  is  shown  in  Fig.  3. 


Fig.  2.    Magnetic  Field  about  a  Conductor 
Carrying  a  Current. 


Fig.  3.    Magnetic  Field  around  Conductor 
in  Dynamo  or  Motor  Air-Gap. 


Since  the  magnetic  lines  of  a  field  endeavor  to  straighten  and 
shorten  themselves,  the  result  of  this  distribution  is  a  force  upon  the 
wire,  pushing  it  in  the  direction  of  the  arrow;  and  this  is  the  prin- 
ciple of  the  electric  motor.  As  in  the  dynamo,  there  are  required: 
(1)  a  magnetic  field;  (2)  a  conductor  lying  perpendicular  to  it; 
and  (3)  provision  for  motion  of  the  conductor  across  the  field,  in  a 
direction  perpendicular  both  to  itself  and  to  the  field. 

Fleming's  Rule.  The  relation  between  the  directions  of  the 
force,  current,  and  magnetic  lines  can  be  most  easily  remembered 
by  what  is  known  as  Fleming's  Rule.  Extend  the  forefinger,  middle 
finger,  and  thumb,  at  right  angles  to  one  another;  for  example,  the 
forefinger  directly  forward,  the  middle  finger  sideways,  and  the  thumb 
upwards.  Then  if  the  forefinger  represents  the  direction  of  the 
magnetic  lines  (that  is,  from  the  N  pole  through  the  air  to  the  S  pole), 
the  middle  finger  will  represent  the  direction  of  the  current,  and 
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the  thumb  the  direction  of  the  motion.  The  right  hand  is  to  be 
used  for  the  case  of  the  dynamo,  the  left  ham!  for  the  aisi-  of  the 
motor. 

Barlow's  Wheel.  An  illustration  of  this  principle  b  found  in 
tlie  simple  electric  motor  invented  by  Peter  Barlow  in  1823,  and 
illustrated  in  Fig.  4.  A  star-shapetl  metal  wheel,  usually  of  copper, 
rotates  with  its  lowest  points  dipping  into  a  little  insulated  pool  of 
mercury.  The  wheel  is  con- 
nected through  its  bearings  with 
one  pole  of  a  battery,  the  mer- 
cury to  the  other  pole,  the  cur- 
rent flowing  radially  upward  or 
downward  through  the  wheel. 
When    a   horseshoe   magnet  is 

brought  over  the  wheel,  so  that  ™    .    „    .     ,  ^^    . 

o      ^  ^  '  Pig.  4.    Barlow's  WheeL 

the  portion  carrying  the  current 

lies  between  the  magnet-poles,  the  wheel  revolves  briskly,  the  direction 
of  rotation  changing  whenever  the  direction  of  the  current  or  tlie 
magnetic  field  is  reversed. 

Magnitude  of  the  Force  on  a  Wire  Carrying  a  Current.  If  the 
magnetic  field  has  one  line  of  force  per  .scjuare  centimeter,  and  one 
absolute  eUx-tromagnetic  unit  of  current  (10  amperes)  is  flowing  in 
the  conductor,  the  force  upon  each  linear  centimeter  of  the  conductor 
will  l»e  one  dyne.  Hence,  since  the  effects  are  directly  projwrtional 
to  the  quantities  involved,  a  wire  L  centimeters  long,  lying  across  a 
field  of  B  lines  per  .sfpiare  centimeter,  and  carrying  a  current  of  / 
amperes,  will  l)e  subjected  to  a  force  of: 

LB    -  dynes. 

This  is  practically  a  corollary  of  the  definition  of  the  ampere  in  elec- 
tromagnetic measure,* 

This  expres.sion  may  Ix;  reduced  to  the  inch  and  pound  units 
which  are  more  common  in  American  shop  practice,  by  noting  that 
one  inch  e(]uals  2.54  centimeters;  that  one  dyne  is  ^Jy  of  the 
weight  of  a  gram,  nearly;  and  that  453.59  grams,  or  nearly  445,000 
dynes,  e({ual  the  weight  of  one  pound.     Hence  the  force  F'  upon 


•Consult  S.  P.  Thompson 'M  Ktmuntar^  L*9»ohs  in  MUc^rMtjr  and  MagtulUm. or  naj 
•Ixnllar  textbook  on  Klecirlcliy. 
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a  wire  //  inches  long,  lying  perpendicularly  across  a  field  of  B"  lines 
per  square  inch,  and  carrying  a  current  of  /  amperes,  will  be: 


or, 


^•^^^"^c-oi^^^^y"^' 


L"  B"!  Li"  B"  I  ,  .      ^  , 

^  =  2:54l<'445,000  X  10  =  11,303,000  P°""^"' ^PP^""''"^^^'^- 


Upon  N  similar  wires,  the  force  will  be  N  times  as  great. 

Example.  Fourteen  hundred  conductors  of  a  certain  large  armature, 
each  11  inches  long,  lie  in  magnetic  fields  of  42,000  lines  per  scjuare  inch. 
What  is  the  total  drag  upon  them  when  each  carries  a  current  of  GO  am- 
peres? 

Solution.    The  force  is: 

1,400  X  11  X  42.000  X  60       ^  „,„  ,  , 

-^ nxo3:ooo ^"^^^  p°""^«'  "^^'•'y- 

EXAMPLE  FOR  PRACTICE 

Under  the  poles  of  a  certain  25-kilowatt  machine,  there  are  225 
conductors,  each  6^  inches  long,  in  magnetic  fields  of  40,000  lines  per 
square  inch.  What  current  must  flow  in  each  conductor  in  order 
to  give  a  total  rotative  force  of  200  pounds? 

Ans.     38.64  amperes,  nearly. 

In  considering  questions  like  the  above,  it  is  important  to  ob- 
serve that  only  the  conductors  lying  beneath  the  poles  are  subjected 
to  these  forces;  and  that  the  current  in  the  individual  conductors  is 
not  the  full  current  of  the  machine,  but  only  a  fraction  of  it — one- 
half  in  the  ca.se  of  bipolar  and  wave-wound  armatures;  and  one- 
fourth,  one-sixth,  or  less,  in  the  case  of  lap-wound  armatures,  ac- 
cording as  the  machine  has  four,  six,  or  more  poles. 

It  will  now  be  clear  that  the  .driving  force  upon  a  dynamo  arma- 
ture must  be  increased  in  direct  proportion  to  the  load  put  upon  the 
machine,  and  that  the  force  causing  a  motor  armature  to  rotate  also 
depends  on  the  current  in  it.  The  dynamo  current  is  determined  by 
Ohm's  law,  and  the  engine  or  water-wheel  governor  takes  care  of  the 
power  supply;  but  the  way  in  which  the  electric  motor  adapts  itself 
to  the  variations  in  its  work,  taking  always  just  the  necessary  current 
for  the  work  in  hand,  is  not  so  clear  at  first  sight.  The  explanation 
involves  a  most  important  property  of  the  machine,  known  as  the 
counter-electromotive  force. 
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Counter-E.M.F.  of  a  Motor.  Since  the  armature  wires  rotate 
in  magnetic  fields,  exactly  as  in  the  ease  of  the  dynamo,  all  the  con- 
dition.s  for  the  generation  of  E.M.F.  are  fulfilled;  and  we  should 
expect  the  motor  armature  to  generate  an  E.M.F.  accordingly,  while 
in  motion.  '^The  existence  of  such  an  E.M.F.,  and  its  direction,  may 
be  shown  by  the  following  experiment : 

Take  a  small  shunt-wound  motor,  and  connwt  it  as  for  ordinary 
running,  hut  with  the  addition  of  a  suitable  incandescent  lamp  A  and 
an  ammeter  .4  across  the  arma- 
ture terminals,  as  shown  in  Fig.  5. 
When  the  motor  is  running,  the 
lamp  will  glow,  obviously  supplied 
from  the  line;  and  the  ammeter 
will  show  the  direction  of  the  cur- 
rent through  it,  as  indicated  by 
the  arrow  at  L.  The  dotted  ar- 
rows show  the  direction  of  the 
current  in  the  other  parts  of  the 
circuit.  Now  let  the  double-pole 
switch  be  opened;  so  far  as  the 
electrical  conditions  are  concerned, 
the  circuits  may  then  l)e  repre- 
sented by  Fig.  0;  and  the  machine 
will  run  for  a  little  while  as  a 
dynamo,  driven  by  the  energy 
stored  in  the  rotating  armature. 
The  lamp  still  glows,  and  the  am- 
meter shows  that  the  current 
through  it  is  in  the  original  di- 
rection, dying  out  as  the  armature  slows  down  to  rest.  Since  the 
source  of  E.M.F.  in  the  system  is  the  revolving  armature,  and  the 
direction  of  the  current  through  the  ammeter  is  known,  it  follows 
that  in  the  other  parts  of  the  circuit  the  current  must  flow  as  indi- 
cated by  the  dotte<l  arrows  in  Fig.  (i.  'llie  reversal  of  the  current 
in  the  armature  can  l)e  shown  dirt»ctly  by  putting  a  second  ammeter 
into  the  armature  circuit,  as  indicaittxl  at  B,  Fig.  6,  but  the  experi- 
ment can  be  performed  etjually  well  without  it. 

This  experiment  is  very  instructive  if  performed  witli  a  motor 


LOQQQQiMQQQQQj 


Pig.s. 


Field 

Motor  Connections  to  Show 
Counter-E.M.F. 
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of  several  horse-power.  The  experimenter  should  prevent  the  arm 
of  the  starting  rheostat  from  flying  back  until  the  armature  has 
entirely  ceased  to  revolve. 

A  comparison  of  Figs.  5  and  6  now  brings  the  conclusion  that  the 
direction  of  the  current  in  the  various  parts  of  the  circuit  must  be 
due  to  the  existence  of  an  E.M.F.  in  the  revolving  motor  armature 
which  is  opposite  in  direction  to  the  line  E.M.F.,  and  hence  opposes 
the  flow  of  current  through  the  armature.     For  this  reason  it  is 

called  the  counter-E.M.F.  The 
electrical  difi'erence,  therefore,  be- 
tween a  dynamo  and  a  motor 
is  that  in  the  dynamo  the  current 
flows  with  the  E.M.F.  of  the  ar- 
mature, while  in  the  motor  it 
flows  against  it. 

Fundamental  Motor  Equation. 
From  the  above  it  follows  that 
the  current  through  the  revolving 
motor  armature  is  always  less 
than  the  value  obtained  by  sim- 
ple calculation  from  Ohm's  law, 
because  E,  the  line  E.M.F.,  is 
partially  neutralized  by  e,  the  op- 
Hence  the  fundamental  motor  equation  may 
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Fig.  6. 


Field 

Currents  in  Motor  Circuits  after 
Opening  Main  Switch. 


posing  counter-E.M.F. 
be  written: 


/  = 


E-e 

R    ' 


(») 


in  which  /  represents  the  current  through  the  armature,  and  R  the 
resistance  of  the  armature  circuit — armature,  brush  gear,  and  any 
other  resistance  that  may  be  present. 

The  counter-E.M.F.  is  not  readily  measured;  it  is  best  calcu- 
lated from  Equation  1  with  a  knowledge  of  the  other  three  quanti- 
ties, which  are  easily  measurable. 

Example.  A  certain  motor  armature  with  its  brush  gear  has  a  resist- 
ance of  0.188  ohm;  and  when  running  at  a  certain  speed,  takes  a  current  of 
55  amperes  from  a  220-voIt  line.  What  counter-E.  M.  F.  is  developed  under 
these  conditions? 

Solution.     Substituting  the  given  values  in  Equation  1,  we  have: 

220  -  e 
0.188    ' 


55  = 
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whence, 

e  -  200.66  volta. 

EXAMPLE  FOR  PRACTICE 

What  current  will  flow  through  the  al>ove  armature  when  its 
<()iint«r-F.M  F    is  nine-tenths  of  tlie  line  voltage? 

Axs.     117  amperes,  nearly. 

From  these  considerations  it  is  plain  that  in  the  absence  of 
other  resistance  in  the  armature  circuit  than  that  df  the  armature 
itself,  a  slight  change  in  the  counter-K.M.F.  may  make  a  great  dif- 
ference in  the  strength  of  the  current  flowing.  Further,  since  the 
figures  are  taken  from  actual  machines,  it  is  to  be  noted  that  under 
ordinary  running  conditions  the  counter-E.M.F.  rises  well  up  toward 
the  value  of  tlie  line  E.M.F.  It  can  of  course  never  quite  ef|ual  the 
line  E.M.F.,  for  in  that  case  no  current  would  flow;  and  even  when 
running  without  load,  the  friction  and  electrical  losses  of  the  motor 
absorb  some  power,  so  that  a  small  fraction  of  the  full-load  current 
will  flow,  though  the  armature  delivers  no  power  at  the  pulley. 

Efficiency  and  Losses.  The  energy-losses  of  the  motor  are  the 
same  as  those  of  the  dynamo,  and  may  be  classified  under  two  heads : 

Electrical  Losses: 
(a)  PR  losses  in  armature  conductors  and  brush  gear. 
(6)  l*R  losses  in  field  windings. 

Straif'Power  Losses: 
(c)  Friction :  of  bearings,  brushes,  and  air-currents, 
(ef)  Iron  losses:  eddy  currents  in  armature    core,  teeth,  ami    magnet-poles; 

hysteresis  in  armature  core  and  teeth. 
(«)  Commutator  losses:  wasteful  currents  in  coils  during  commutation. 
(/)  Eddy  currents  in  armature  conductors. 

The  electrical  lasses  («)  and  (6)  are  measurable  without  much 
trouble;  the  others  are  very  difficult  to  obtain  separately,  and  are 
usually  taken  together  under  the  genend  name  .straif  power.  For 
shunt  motors,  the  field  PR  lass  is  independent  of  the  load;  the  arma- 
ture VR,  of  course,  varies  with  the  load.  In  the  series  motor,  both 
field  and  armature  VR  var}'  with  the  Uxid,  since  the  same  current 
passes  tlirough  lx)th.  The  stray-power  loss  is  nearly  constant  for 
ordinary  operating  conditions,  though  it  increases  slightly  with  the 
speed  of  the  armature. 

The  commercial  efficiency  »;  of  a  motor  is  simply  the  fraction 
of  the  power  supplied  that  is  available  at  the  shaft;  tliat  is,  it  is  the 
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ratio  of  the  power  delivered  to  the  power  supplied;  or,  in  the  form 

of  an  equation: 

,=  Efficienoy=  ^'^-  =  I"P"t-LoBscs  (2) 

'  ''        Input  Input 

The  following  table  shows  average  values  for  the  commercial 

eflRciency  of  ordinary  motors  of  various  sizes,  at  full  load : 

TABLE  I 
Commercial  Efficiency  of  Ordinary  Motors 


Pull  Load 
HP. 

Efficiency 
(Per  Cent) 

0.02  (Fans) 

30 

0.05      " 

42 

0.1 

50 

0.5 

63 

1. 

70 

5. 

82 

10. 

85 

25. 

88 

50.       • 

89.5 

100. 

91 

200. 

92.5 

The  low  figures  for  small  motors  are  caused  by  disproportionately  large 
field  PR  and  friction  losses. 

Variation  of  Efficiency  with  Load.  The  efficiency  varies  with 
the  load,  because  some  of  the  losses  are  constant  and  some  variable, 
the  chief  variable  being  the  armature  PR,  When  the  motor  is  run- 
ning idle,  the  current  is  small,  and  all  its  energy  goes  to  supply  the 
losses,  the  commercial  efficiency  being  therefore  zero.  As  the  motor 
is  loaded,  the  output  at  first  increases  faster  than  the  losses,  and  the 
efficiency  rises  rapidly,  reaching  a  maximum  at  a  certain  load  which 
depends  on  the  design  of  the  machine.  When  the  load  is  very  heavy, 
the  great  increase  in  the  armature  P7?  causes  the  efficiency  to  fall  again. 

The  efficiency  is  a  maximum  when  the  constant  and  variable 
losses  are  equal — for  example,  in  the  case  of  a  shunt  motor,  when  the 
armature  PR  loss  equals  the  sum  of  the  stray-power  and  field  PR 
los.ses.*    Since  the  distribution  of  the  losses  may  be  controlled  by 

♦This  proposition  may  be  proved  by  algebraic  metbods,  a.s  follows: 
Denoting  by  .S  the  sum  of  the  field  I»Ji  loss  and  the  stray  power,  the  efficiency  may 
be  written : 


]j  =  Efficiency  = 


EI  -  1»R^  8 
EI 


\E^Eir 
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the  designer  within  fairly  wide  limits,  it  follows  that  a  motor  (or  a 
dynumci)  may  Ix*  dt*signed  to  show  its  maximum  efficiency  at  csiy 
specified  fraction  of  its  full  load,  or  even  at  overload,  though  the 
latter  is  unusual.  Motors  should  \k-  dcsignetl  to  have  their  maximum 
efficiency  with  the  loaul  at  which  they  are  mast  used.  An  ordinary 
shop  motor  should  show  a  maximum  at  about  75  per  cent  of  its  full 
ratctl  load;  a  street-railway  motor,  at  alx)ut  two-thirds  of  the  maxi- 
mum power  it  is  expected  to  develop  (see  Fig.  33);  a  fan  motor,  at 
its  full  load;  and  so  on.  A  motor  with  lai^  constant  losses  and 
small  variable  losses  will  have  a  low  efficiency  at  light  loads,  and  a 
hi;^h  one  at  full  load;  while  a  machine  with  small  constant  and  large 
vaiiable  losses  will  have  a  much  liigher  efficiency  at  light  loads  than 
at  full  load.  The  most  important  point  is  not  the  full-load  efficiency, 
but  rather  the  maximum  efficiency,  coupled  with  another  figure 
which  we  may  call  the  all-day  cfficwncy. 

All-Day  Efficiency.  This  is  a  matter  of  some  importance  in 
practice.  It  is  simply  the  ratio  between  the  work  obtained  from  the 
motor  during  the  day,  and  the  energy  taken  from  the  line  in  the 
same  time. 

The  difference  between  the  performances  of  different  machines 
in  this  respect,  is  best  shown  by  an  example.  Suppose  we  have 
two  100-horse-power  motors,  motor  .1  having  constant  losses  of 
2,700  watts,  and  armature  PR  losses  of  6,400  watts;  and  motor  B 
hanng  constant  losses  of  4,800  watts,  and  armature  PR  losses  of 
3,200  watts.     Suppose  them  to  run  through  a  9-hour  day,  and  that 


//?       s 
For  mazlmam  efBclency,  It  is  plain  that  -s-  -f  jrj-  must  be  a  mlnlnrnm ;  or,  since 

,sr 
Mia  a  constant,  that  IR  +  j-  must  bo  a  minimum.    The  sum  of  these  two  t«rms  will  be 

buge  when  /  Is  either  very  larffe  or  very  small,  and  the  problem  1m  to  determine  the  par- 
UetUar  ralne  of  /  for  which  it  will  be  smallesu    DenoUng  the  sum  bj  k,  we  may  write : 

/ft  +  *J  -  it (a) 

whloh  Is  a  quadratic  e<iuatlon  In  /.    Solving  this  by  ordinary  algebra  glres: 

/  „  _*_  -f        -  v'ib*-4  RS (■') 

Now.  since  a  negatlre  quanUty  cannot  bare  a  square  root,  the  quantity  under  the  radical 
slf;n  cannot  be  leM  than  zero,  and  therefore  the  smallesi  value  it  can  have  wUl  tw  deter- 
mined from  the  equation : 

k>-4RS~0  (C) 

Inserting  in  (:i)  thf  vaiue  ni  k  obtained  from  (r).  ami  riHtunnt;  Kivr»  as  the  Bnal  result 
I*R  =  S;  or.  in  other  words,  when  a  motor  is  working  at  Its  highest  sfltetency.  the  anna- 
tore  current  is  such  as  to  make  the  variable  losses  just  equal  to  tbe  constant  1 
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they  run  for  2  hours  at  quarter-load,  4  hours  kt  half-load,  and  3  hours 
fully  loaded;  let  us  calculate  the  energy  actually  delivered,  and  the 
energy  taken  from  the  line.  Remembering  that  1  H.P.  =  746  watts, 
and  that  the  PR  loss  varies  as  the  square  of  the  current,  we  have, 
for  motor  .1,  the  following: 


Constant  Losses:    2,700  watts  for  9  hours, 

/  R  Losses:     ^  of  G,400  watts  for  2  hours, 

J  of  G,400  watts  for  4  hours, 

0,400  watts  for  3  hours, 

Output:     i  of  74,600  watts  for  2  hours, 

h  of  74,600  watts  for  4  hours, 

74,600  watts  for  3  hours 

Input  for  the  day: 

The  all-tlay  efficiency  is  therefore: 


24,300  watt-hours. 

800 

6,400 

19,200 

37,300 

149,200 

223,800 

461,000  watt-hours. 


Output       410,300 

cent 

Input     ~  461,000        *"^* 

motor  B,  we  have: 

Constant  Losses:     4,800  watts  for  9  hours, 

43,200  watt-hours. 

/=*/?  Losses:    ^  of  3,200  watts  for  2  hours, 

400 

" 

}  of  3,200  watts  for  4  hours, 

3,200 

" 

3,200  watts  for  3  hours. 

9,600 

" 

Output:  as  for  motor  A, 

410..300 

II 

Input  for  the  day:  466,700  watt-hours. 

Hence  the  all-day  efficiency  is: 

410,300       „., ,. 
466;700=«'-'P^'-^^"*- 

Thus,  although  motor  B  has  a  higher  full-load  efficiency  than 
motor  A  (90.3  per  cent  as  compared  with  89.1  per  cent),  the  latter 
returns  the  larger  percentage  of  the  energy  put  into  it  during  the 
day,  the  difference  being  5,700  watt-hours,  or  5.7  kilowatt-hours  in 
favor  of  A.  It  is  thus  seen  to  be  a  matter  of  some  importance  to 
keep  the  constant  losses  down  to  the  lowest  point  consistent  with 
satisfactory  operation  in  other  respects;  and  machines  should  be 
.selected  by  the  purchaser  with  reference  to  this  point,  as  well  as  for 
full-load  efficiency.  For  this  reason  the  efficiency  values  at  different 
loads  may  vary  several  per  cent  in  motors  of  different  but  equally 
good  design;  and  the  figures  in  the  preceding  efficiency  table  must 
lx»  regarded  as  only  approximate.  ]Most  shop  and  factory  motors 
are  subjected  to  very  variable  loads;  and  the  average  load  of  a  large 
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number  of  motors  in  a  given  plant  will  often  l)e  found  to  be  consider- 
ably less  than  25  per  cent  of  the  total  ratctl  capacity  of  the  motors  in 
circuit.  With  motors  designed  upon  the  lines  mentioned  above,  it 
may  be  said  that  the  saving  at  average  day  loads  would  range  from 
4  per  cent  to  10  per  cent  in  the  larger  motors  (from  00  to  120  horse- 
power), up  to  a  saving  of  8  per  cent  to  15  per  cent  in  the  smaller 
motors.* 

EXAMPLE  FOR  PRACTICE 

Suppose  a  100-horse-p)ower  motor  were  designed  so  as  to  have 
constant  losses  of  6,400  watts  ami  armature  /•/{  losses  of  2,700  watts, 
and  that  it  works  under  the  same  conditions  as  those  given  for  motor 
A  in  the  preceding  example.  What  would  its  all-day  efficiency  be, 
and  how  much  more  energj'  would  it  take  from  the  lines  in  one  day 
than  motor  i4?  Axs.     85.7  percent;  18  +  kilowatt-hours. 

Current  Required  by  Motors.  The  value  of  the  full-load  current 
is  usually  stamped  upon  tiic  name-plate  of  the  machine.  If  not,  it 
can  be  approximately  found  from  the  rated  output  by  assuming  a  value 
for  the  efficiency. 

Example.  What  current  will  be  required  by  a  220- volt,  IS-horse-power 
motor? 

S<dution.  From  Table  I  fp.  8\  the  efficiency  may  be  taken  as 
86  per  cent.     The  output  is: 

15  X  74G  -  11,190  watts. 
Tlie  input  is: 

11.190 


l.'<,012  watts. 


The  current  is  therefore: 


i;j,012  watts 

— — — —  -        -  59  1  amperes. 
223  volts  '^ 


EXAMPLES  FOR  PRACTICE 


1.  A  50-horse-power  motcir  is  connected  to  a  500-volt  line 
which  will  carry  tiO  amperes.  Can  Uie  motor  be  operated  at  full 
load?  A.Ns.     No. 

2.  Assuming  an  efficiency  of  88  per  cent,  what  is  the  maximum 
power  that  can  l)e  obtained  from  the  al)ove  motor  without  over- 
loading the  line?  Ans.     35.4  horse-power,  nearly. 

•Bobart.  Electric  Motor i,  1904. 
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Effect  of  Counter-E.M.F.  on  Efficiency.  At  first  sight  it  might 
appear  that  the  counter-E.M.F.  is  merely  an  incident  of  operation, 
or  at  least  a  hindrance  to  the  best  performance  of  the  machine;  but 
a  more  careful  study  of  the  question  shows  that  it  is  an  essential  factor 
in  the  economy  of  the  motor.  This  can  be  most  clearly  shown  by 
taking  the  artificially  simple  case  of  a  motor  whose  only  losses  are 
the  armature  PR.  This  would  be  very  nearly  realized  by  a  friction- 
less  magneto-motor.     Its  eflSciency  v  would  be: 


But, 


whence. 


Input -Losses    _  EI  -  PR  _  E  -  IR  (3) 

'  ~  Input  '        EI        ~        E  '  ' 


_E  -  e 


R 


IR  ^  E  -e. 
Substituting  this  value  of  IR  in  Equation  3,  we  have: 

■        ^^-(^-^)^    e        (4) 

'  E  E 

That  is,  the  efficiency  is  directly  proportional  to  the  counter-E.M.F. 

This  proposition  is  known  as  Siemens'  Law  of  Efficiency.  It 
should  not  be  understood  as  implying  anything  concerning  the 
output.  The  current  taken  by  the  motor  diminishes  as  the  counter- 
E.M.F.  rises;  and  the  power  delivered  also  diminishes  as  the  ar- 
mature approaches  full  speed.  But  the  equation  does  mean  that 
the  power  delivered  per  ampere  taken  from  the  line  is  greater 
as  the  value  of  e  approaches  E:  and  therefore,  though  the  actual 
power  delivered  is  less,  the  available  percentage  of  the  line  energy 
is  greater  than  if  the  actual  output  were  larger.  For  this  reason 
it  is  entirely  possible  to  operate  a  motor  beyond  its  rated  ca- 
pacity, though  at  a  reduced  efficiency,  the  permissible  amount 
and  duration  of  the  overload  depending  chiefly  on  the  time  re- 
quired for  the  increased  losses  to  heat  up  the  machine  danger- 
ously. 

In  the  actual  motor,  where  other  losses  enter,  the  case  is  not 
quite  so  simple  and  direct  as  the  above;  but  the  difference  is  small, 
the  complete  equation  being: 

5 
e-j 

ri-—E-> 
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in  which  £  is  the  sum  of  the  field  PR  and  the  stray  power,  as  on  page 

8.     The    fraction    —  is  only  a  few  per  cent  of  E,  in  ordinary  running 

under  load,  so  that  the  Siemens  law  holds,  except  for  small  values 
of  / — that  is,  for  light  loads. 

So  it  follows  that  the  countcr-E.M.F.  is  a  valuable  property  of 
the  motor,  to  Ix?  cultivate<i  rather  than  ignored  or  eliminated;  and 
the  lack  of  success  of  early  tj'pes  of  motors  was  in  part  due  to  a  failure 
to  realize  this.  In  other  words,  the  motor  should  be  designed  and 
operated  to  generate  an  E.M.F.  exactly  like  a  dynamo;  and  the 
formula  for  efficiency  shows  that  the  electrical  and  mechanical  losses 
should  be  kept  as  small  as  practicable.  The  requirements  for  dyna- 
mos and  motors  are  therefore  the  same,  and  it  should  now  be  clear 
that  they  must  be  designed  along  the  same  electrical  lines.  Conse- 
quently they  are  interchangeable. 

The  fact  that  a  dynamo  will  transmit  power  to  a  similar  machine 
as  a  motor  is  said  to  have  l)een  brought  to  light  by  a  Paris  workman  in 
1873,  who  accidentally  connected  the  wires  of  an  idle  dynamo  to  the 
terminals  of  one  in  operation,  whereupon  the  motionless  armature 
immediately  started  up  at  full  speed.  The  discovery  of  the  general 
principle  of  interchangeability,  however,  dates  back  to  1852,  and 
perhaps  earlier.* 

Torque.  The  torque  of  a  motor  is  the  turning  moment  or  twist 
exerted  upon  the  shaft.  Grasp  the  pulley  of  a  small  motor  firmly 
in  the  hand,  and  close  the  switch;  a  strong  twisting  action  will  be 
felt,  which  will  set  the  armature  in  rapid  rotation  when  freed.  With 
the  armature  stationarj-,  the  torque  is  sometimes  called  static  tonftie, 
to  distinguish  it  from  the  runnvig  torque  of  the  rotating  arma- 
ture, available  at  the  pulley;  the  latter  is  less  than  the  former 
by  the  amount  necessary  to  overcome  armature  friction  and  core 
losses. 

Since  torque  is  caused  by  a  force  acting  at  the  end  of  a  lever  arm, 
it  is  measured  by  the  product  of  the  force  and  the  length  of  the  arm — 
for  example,  by  the  product  of  the  working  pull  of  the  belt  and  the 
radius  of  the  pulley;  or  by  the  force  upon  the  armature  wires,  multi- 
plied by  their  average  distance  from  the  axis  of  the  shaft.  This  prod- 
uct  is   generally  expressed  in  pound-feet,  whicli  term    denotes  the 

•8.  p.  Ttaompaon.  J>tmnm»  Eltetrie  Maeldiurt,  Edition  of  18BS.  p.  IS. 
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pull  in  pounds  multiplied  by  the  length  of  the  lever  arm  in  feet.* 
Thus  a  torque  of  60  pound-feet  may  represent  a  working  belt-pull 
of  60  pounds  on  a  pulley  1  foot  in  radius,  or  a  pull  of  72  pounds  on 
a  pulley  whose  diameter  is  20  inches,  or  any  other  combination  of 
force  and  arm  whose  product  is  00  pound-feet.  For  simplicity, 
torque  is  sometimes  expressed  in  pounds  only,  a  radius  of  one  foot 
being  understood  or  implied;  but  this  is  liable  to  cause  confusion, 
because  torque  is  not  a  force,  but  the  moment  of  a  force,  and  the 
radius  of  its  action  should  always  be  given. 

EXAMPLE  FOR  PRACTICE 

If  a  motor  has  a  torque  of  40  pound-feet,  what  pull  will  be 
exerted  at  the  rim  of  a  pulley  16  inches  in  diameter? 

Ans.     60  pounds. 

The  torque  of  a  motor  may  be  measured  by  means  of  a  Prony 
or  friction  brake.     The  arrangement  of  the  apparatus  is  shown  in 


Fig.  7.    Friction  Brake. 

• 

Fig.  7.  P  is  the  motor  pulley,  A  and  C  blocks  of  hardwood  clamped 
against  it,  the  pressure  being  regulated  by  the  wing-nuts  e  e.  The 
lever  L,  which  may  be  of  any  convenient  length,  is  counterbalanced 
by  the  weight  w.  When  the  pulley  rotates  in  the  direction  of  the 
arrow,  the  friction  on  the  blocks  tends  to  raise  the  weight  W;  and 
by  adjusting  the  pressure  on  the  blocks  and  varying  W,  a  balance 
may  be  obtained,  so  that  W  when  hanging  free  just  neutralizes  the 
tendency  of  the  lever  L  to  revolve.  The  torque  of  the  motor  is  then 
W  X  R,  where  R  is  the  perpendicular  distance  from  the  axis  of  the 
shaft  to  the  line  of  support  of  W. 

•  The  term  footpounds  should  not  be  nsed  In  this  connection,  for  the  foot-pound  Is  a 
commonly  used  unit  of  work,  and  torque  by  itselt  is  not  work. 
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To  find  the  torque  when  the  motor  Ls  running  at  a  certain  speed 
or  is  taking  a  certain  current,  the  nuLs  e  e,  mast  be  adjasted  until 
the  speed  or  current  is  as  desired,  preventing  the  lever  L  from  revolv- 
ing by  stops,  and  tlien  varying  W  until  a  balance  is  obtained,  when 
the  stops  are  taken  away.  In  making  the  measurement,  it  may  be 
necessary  to  allow  a  little  water  to  run  upon  the  inside  of  the  pulley, 
to  absorb  the  heat  generated  by  the  friction.  'I^e  wootl  blocks  run 
best  when  dry,  and  a  little  smoke  does  no  harm  to  the  measurement. 
Instead  of  an  adjustable  weight  H',  a  spring  balance  Ls  more  con- 
venient. This  is  a  very  satisfactory  methcxl  of  testing  small  motors; 
for  large  ones,  the  heat  is  too  great  to  Ik'  readily  dissipated  unless  a 
special  pulley  is  u.sed  which  will  hold  water  inside  the  rim. 

The  power  of  a  motor  is  the  product  of  the  torque  and  the  s|)eed. 
For,  if  a  force  IF  acts  at  the  end  of  an  arm  R  fastened  1  to  a  shaft,  in 
one  revolution  the  distance  traversed  by  the  point  of  application  of 
the  force  is  2  r  K,  and  the  work  done  2  7t  R  X  ^V'  In  the  case  repre- 
sented by  Fig.  7,  the  work  done  by  the  revolving  shaft  is  the  same 
as  if  a  weight  W  were  Ijeing  continually  wound  up  on  a  pulley  of 
radius  R.  If  the  shaft  revolves  A'  times  per  minute,  the  work  done 
per  minute  is  2 1: R  W  X  N ;  or,  since  RW  is  the  torque,  we  may  write: 

Power  =  2;r  X  Torque  X  Spee»I.  (5) 

Denoting  the  torcjue  by  T,  we  have  the  further  result: 

Horse-Power  -  ^  ^3^^ (6) 

From  Equations  5  and  0,  it  follows  that  different  motors  of  the 
same  power  may  have  very  different  properties.  They  may  give 
a  strong  torque  at  low  speed,  or  a  light  torque  at  high  speed,  or  may 
have  intermediate  values  of  lx)th,  different  kinds  of  work  requiring 
one  property  or  the  other.  From  the  discussion  on  page  3,  it  follows 
that  the  actual  force  upon  the  armature  wires  de|HMids  upon  their 
number  and  on  the  strength  of  the  field,  and  the  tortjue  will  also  vary 
with  the  diameter  of  the  armature.  A  strong  torque  will  therefore  l)e 
obtained  by  using  an  armature  of  large  diameter,  with  many  wires 
revolving  in  a  strong  field;  but  since  these  are  just  the  conditioius  for 
a  high  E.M.F.,  such  an  armature  will  generate  its  full  counter-E.M.F. 
at  a  lower  speed  than  a  smaller  armature  with  fewer  wires;  that  is, 
for  a  given  voltage,  the  high-torque  armature  will  run  at  relatively 
slow  speed. 
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With  the  aid  of  Equation  6,  it  is  a  simple  matter  to  measure  the 

output  of  a  motor  by  the  brake. 

Example.  For  a  certain  motor  the  distance  R  was  30  inches,  the  weight 
W  12.4  pounds,  and  the  speed  1,400  revolutions  per  minute.  What  horse- 
power was  developed? 

Solution.     Since  R  must  be  expressed  in  feet, 
T  =  2.5  X  12.4  =  31  pound-feet. 

Substituting  this  value  of  T  in  Equation  6,  gives: 

2  X  3.1416  X  31  X  1,400 


Horse-Power 


33.000 
EXAMPLE  FOR  PRACTICE 


=  8.25. 


Ans. 


A  500- volt  motor  rated  at  15  horse-power  takes  a  current  of 
25  amperes  when  driving  a  certain  machine.  It  is  then  disconnected 
and  fitted  with  a  brake;  and  a  test  shows  that  with  /J  =  32  inches, 


A  ^      B 

Pig.  8.    Armature  Reaction  In  Motor. 

and  the  wing-nuts  adjusted  until  the  current  is  25  amperes,  the  speed 
is  755  revolutions  per  minute;  and  IF  =  36  pounds.  What  is  (a) 
the  actual  horse-power  needed  to  drive  the  machine;  and  (6)  the 
efficiency  of  the  motor?  Ans.     13.8  horse-power,  nearly. 

82 . 3  per  cent. 
Armature  Reaction  in  Motors.  In  a  motor  the  direction  of  the 
armature  current,  and  hence  the  direction  of  its  magnetic  field,  are 
opposite  to  tho.se  in  a  generator.  The  resultant  field  in  the  motor 
armature  and  air-gap  will  therefore  be  as  shown  in  Fig.  8.  It  is 
evident  that  the  neutral  points  are  shifted  backwards,  while  in  a 
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generator  they  are  shifted  fon*'ar<l.s;  hence  for  goot!  commutation 
the  brushes  must  be  shifted  afjainst  the  rotation,  while  in  the  dynamo 
they  are  shifted  with  it.  Most  motors  are  re(|uired  to  operate  witli- 
out  change  of  bnisli  lead  throughout  the  entire  range  of  load;  and 
this  necessitates  careful  design,  to  the  end  that  the  field-magnets 
shall  entirely  overpower  the  armature  reaction  and  keep  the  distor- 
tion of  the  field  small,  so  that  commutation  may  be  good  with  the 
brushes  fixed  in  position,  no  matter  what  the  load  may  be.  Many 
motors,  particularly  railway  motors,  must  in  addition  run  in  either 
direction;  and  this  requires  fi.xing  the  brushes  at  the  no-load  neutral 
point.  Such  motors,  however,  cannot  give  as  good  commutation  as 
those  in  which  the  brushes  may  be  set  backwards — a  fact  which  is 
shown  by  the  more  rapid  roughening  and  wear  of  the  commutator 
and  brushes.  Nearly  all  motors  are  operated  on  constant-potential 
circuits,  and  carbon  brushes  are  used  almost  without  exception. 

General  Speed  Formula.  The  factors  upon  which  the  speed  of 
a  motor  depends  can  be  obtained  as  follows: 

llie  countcr-E.M.F.  depends  upon  the  strength  of  the  field  /, 
the  numljer  of  armature  conductors  z,  anil  the  speed  of  rotation  *. 
Hence  we  may  write  e  -c  s  fz,  or,  in  the  form  of  an  equation, 

e  .=  k  s  f  z, 

in  which  k  is  a  constant  depending  on  the  design  of  the  motor.  Sub- 
stituting this  value  of  t'  in  E(|uation  1,  we  have: 

K  -  e       E  -  ks  fz 

R      "  R  '• 

and,  solving  for  s, 

E  -IR  /7x 

As  already  state<l,  1H  is  only  from  3  j>er  cent  to  5  per  cent  of  E 
in  motors  of  ordinary  size;  and  if  we  disregard  it,  we  may  write  the 
simple  relation: 

•-ffi w 

That  is,  the  speed  of  a  motor  is  directly  proportional  to  the  E.M.F. 
at  the  brushes,  and  inversely  proportional  to  the  number  of  con- 
ductors on  the  armutun"  and  the  strength  of  the  field. 

Other  conditioivs  remaining  the  same,  it  is  plain  that  an  increase 
in  E  will  increase  the  speed,  for  increased  Fj  increases  the  current 
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and  therefore  the  torque,  and  the  speed  must  evidently  rise  as  an 
immediate  consequence.  But  at  first  sight  it  is  not  so  clear  that  the 
same  result  will  be  produced  by  weakening  the  field.  The  reason 
may  be  seen,  however,  by  anticipating  the  result  of  the  calculation 
on  page  20,  where  it  is  shown  that  any  reduction  of  the  counter- 
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-/mm — mvm — m/\m — mwa- 

Fig.  9.   Series-Parallel  Connections  of  Four  Motors. 

E.M.F.  increases  the  current  in  a  much  greater  ratio.  In  the  ex- 
ample there  given,  reducing  the  field  strength  1  per  cent  increases 
the  armature  current  24  per  cent,  so  that  the  actual  increase  in  the 
torque  is  yVV  of  24  per  cent  (or  23.76  per  cent),  or  practically  in 
proportion  to  the  current.  Hence  the  speed  increases,  the  increased 
current  much  more  than  compensating  for  the  slight  diminution 
in  the  field  strength. 

It  is  often  desirable  to  vary  the  speed  of  a  motor,  and  Equation 
8  thus  gives  the  three  general  methods  for  accomplishing  the  desired 
result — namely: 

(1)  By  varying  the  E.M.F.  at  the  brushes. 

(2)  By  va  rying  the  strength  of  the  field . 

(3)  By  changing  the  number  of  wires  on  the  armature. 
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Of  these,  methods  1  and  2  differ  in  details  with  different  types  of 
motor,  and  are  discussetl  under  each  type.  Metliod  3  is  not  praeti- 
cable,  since  for  satisfactory'  operation  it  would  involve  several  inde- 
pendent windings,  each  with  its  own  coniniutator.  But  where  several 
motors  drive  one  niacJiine,  the  same  result  can  be  obtained  by  con- 
necting the  motor  armatures  in  series  or  parallel  combinations.  Thus 
two  motors  may  have  their  armatures  connected  in  series  or  parallel 
by  a  suitable  switch  or  controller;  in  the  first  case,  half  the  line  E  is 
suppHetl  to  each  armature;  in  the  second  case,  the  full  E.  With 
four  motors  the  connections  might  be  made  as  shown  in  Fig.  9,  giving 
speeds  in  the  ratio  1:2:4  with  the  arrangements  A,  B,  and  C,  respec- 
tively, the  motor  fields  /  Ix'ing  kept  coastant.  In  the  actual  case, 
however,  two-motor  or  four-motor  combinations  are  used  only  in 
railway  work;  and  four-motor  sets  are  operated  with  the  motors 
connecte<l  in  pairs,  like  a  two-motor  equipment;  in  the  latter  ca.se 
till*  additional  flexibility  of  ojx-ration  does  not  justify  the  extra  com- 
plication introduced  by  taking  the  four  as  separate  units.  In  general, 
this  method  of  speed  regulation  is  favorable  to  economical  working, 
for  the  use  of  wasteful  resistances  is  much  reduced;  but  it  does  not 
warrant  the  installation  of  two  motors  when  one  will  do  the  work. 

CLASSES   OF   MOTORS 

The  preceding  propositions  are  true  for  all  classes  of  direct- 
current  motors;  but  there  are  also  many  special  properties  de- 
pending on  the  relations  that  exist  between  the  armature  and  field, 
so  that  it  is  next  necessary  to  classify  motors,  like  dynamos,  with 
respect  to  the  different  methods  of  exciting  the  field.  We  have, 
accordingly: 

1.  Magneto  motors. 

2.  Shunt  motors. 
.'}.     Serk'P  motors. 

4.     Compouml  motors. 

Magneto  Motors.  Because  of  the  difficulty  of  making  them 
self-exciting,  very  small  dynamos  are  built  with  jH*nnanently  mag- 
netizo<l  fields.  With  motors,  however,  then*  is  no  such  <lifficulty  in 
obtaining  the  fiehl,  .so  that  the  magneto  motor  is  not  used,  except 
where  rotation  in  one  direction  or  the  other  is  desired  by  simply  re- 
versing the  current  without  further  complication.  This  is  some- 
times requiretl  in  light  mechanisms  or  controlling  apparatus. 
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SHUNT  MOTORS 

To  this  class  belong  most  of  the  motors  used  for  all  direct- 
current  power  service  except  railway  work.  The  construction  and 
electrical  connections  are  exactly  the  same  as  for  shunt  dynamos, 
and  any  good  shunt  dynamo  will  make  a  correspondingly  good 
motor.  Shunt  motors  are  practically  always  operated  on  constant- 
potential  circuits,  and,  except  at  starting,  the  electrical  connec- 
tions are  as  shown  in  Fig.  10,  both  armature  and  field  being  con- 
nected across  the  line.  Hence  the 
field  current  and  the  field  strength 
will  be  constant,  and  the  torque 
will  vary  directly*  as  the  current 
through  the  armature,  the  current 
itself  being  determined  by  Equa- 
tion 1. 

The  action  of  the  shunt  motor 
may  be  explained  as  follows : 
™    .„    «         .        ,  C.W.   .  «  .  Since  the  counter-E.M.F.  varies 

Fig.  10.    Connections  of  Shunt  Motor 

when  Running.  ^s  the productof  thespeed, Strength 

of  field,  and  number  of  armature  wires,  and  the  two  latter  fac- 
tors are  constant  in  this  case,  it  follows  that  any  change  in  the 
speed  will  cause  a  proportionate  change  in  the  counter-E.M.F.  e; 
but,  since  e  is  nearly  equal  to  E  (the  line  E.M.F.),  the  current  through 
the  armature  will  change  in  a  much  greater  ratio,  a  small  decrease 
in  the  counter-E.M.F.  causing  a  much  greater  increase  in  the  cur- 
rent, and  hence  in  the  power  delivered  by  the  motor.  For  example, 
if  the  counter-E.M.F.  of  a  125-volt  motor  is  120  volts  at  a  speed  of 
1 ,000  revolutions  per  minute,  and  the  armature  resistance  is  0.2  ohm, 
the  current  at  this  speed  is: 

E  -  e       125  -  121 

~R~  =   ~T:2 2^  amperes. 

If  an  additional  load  is  put  upon  the  armature,  it  naturally  slows 

down.     Suppose  it    to  slow  down  to  990  revolutions  per  minute. 

990 
The  counter-E.M.F.  will  then  decrease  to  -^ —  of    120,  or  118.8 

1,000 

volts;  and  the  current  will  rise  to: 

.    125  -  118.8       ,„  ,    . 
ij— 2 =  Si  aiijperea. 
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That  is,  a  decrease  of  1  per  cent  in  the  s|K*cd  causes  an  increase  of 
24  per  cent  in  the  current;  and  t)ie  speed  will  continue  to  diminish 
until  the  current  incrcjises  enough  to  supply  sufficient  j)o\vcr  to  pre- 
vent furtlier  speed  reduction — that  is,  until  tlie  incrcasetl  input  etjuals 
tlie  increased  demand.  Similarly,  a  diminished  load  which  will  allow 
the  armature  to  speed  up  to  1,100  revolutions  per  minute  will  be 
accompanied  by  a  decrease  of  24  per  cent  in  the  current.  Small 
variations  of  speed  like  this  are  not  readily  noticed;  and  to  the  casual 
observer  the  motor  seems  to  adapt  itself  with  uncanny  knowledge  to 
its  work,  in  taking  without  apparent  effort  the  precise  current  for 
every  demand.  The  explanation  lies,  as  we  see,  in  the  fact  that  only 
a  slight  change  is  needed  in  the  delicate  balance  between  E  and  e  to 


Fig.  11.    Demagnetizing  Effect  of  Motor  Armatnre. 

accompli.sh  the  observed  result,  by  .speed  variations  which  are  usuallv 
too  small  to  notice,  unless  very  sudden.  If  the  load  should  be  re- 
moved entirely,  there  is  no  tendency  for  the  motor  armature  to  race, 
for  every  slight  increase  in  the  speed  increases  e  and  diminishes  the 
flow  of  current  from  the  line,  thus  cutting  off  the  power  supply  when 
it  is  not  wanted. 

The  smaller  the  value  of  R,  the  greater  will  be  the  change  in  / 
for  a  given  change  in  c;  in  other  words,  the  smaller  will  l)o  the  varia- 
tions in  speetl  with  changes  of  load.  Since  c  differs  from  E  by  //?, 
the  E.M.F.  required  to  .send  the  current  through  the  ohmic  resistiince 
of  the  armature,  and  in  well-designed  machines  IR  is  only  from  3  per 
cent  to  5  per  cent  of  E,  the  speed  falls  off  frt>m  no  loiid  to  full  load 
only  by  this  small  percentage;  and  we  have  in  conscfjucnce  the  very 
valuable  ability  of  the  shunt  motor  to  run  at  practically  constant 
speed,  irrespective  of  the  load  upon  it.  The  small  variations  that 
actually  do  occur  are  not,  as  a  rule,  of  sufficient  importance  to  war- 
rant special  devices  for  their  correction. 
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EXAMPLE  FOR  PRACTICE] 

Calculate  the  current  through  the  above-mentioned  motor  when 
the  speed  is  1,100  revolutions  per  minute. 

Ans.    18.95  amperes. 

Effect  of  Armature  Reaction  on  Speed.  To  eliminate  sparking, 
we  have  seen  that  it  is  necessary  to  shift  the  brushes  of  a  motor  back- 
ward, and  those  of  a  generator  forward.  In  both  cases,  there  is 
introduced  a  demagnetizing  belt  of  conductors,  which  weakens  the 
field.  This  is  illustrated  in  Fig.  11,  which  shows  the  motor  brushes 
drawn  backward  from  the  no-load  position.  This  action  creates  a 
demagnetizing  belt  of  conductors  lying  between  B^  and  b^,  and  be- 
tween Bj  and  b^.  As  the  motor  is  loaded,  the  field  is  therefore  pro- 
gressively weakened  by  the  increased  current  through  this  belt  of 
conductors,  and  the  counter-E.M.F.  reduced  correspondingly,  which 
tends  to  increase  the  speed.  Thus,  by  giving  considerable  back- 
ward lead  to  the  brushes,  it  is  possible  to  obtain  nearly  constant  speed 
at  all  loads.  Not  all  motors  are  designed  to  operate  with  so  great  a 
lead  as  this  would  often  require;  but  the  effect  is  always  present  in 
some  degree,  to  the  further  advantage  of  the  constant-speed  tendency 
of  the  shunt  motor. 

Speed  of  Shunt  Dynamo  Used  as  Motor.  If  a  shunt  dynamo 
is  used  as  a  motor  on  a  line  of  the  same  voltage,  its  speed  as  a  motor 
will  be  less  than  when  generating  the  line  voltage  as  a  dynamo.  To 
find  what  the  motor  speed  will  be,  we  may  proceed  as  follows: 

To  supply  /  amperes  to  the  line  at  E  volts,  E^,  the  E.M.F.  gen- 
erated in  the  armature,  must  he  E^  =  E  +  IR,  where  R  is  the 
armature  resistance,  because  some  of  the  E.M.F.  generated  is  ex- 
pended in  sending  the  current  through  the  armature  itself.  The 
E.M.F.  generated  in  the  armature  of  the  same  machine  used  as  a 
motor  is,  from  Equation  1 : 

e  =  E  -  IR. 

Since  the  field  strength  is  the  same  in  the  two  cases,  both  being  sup- 
plied at  E  volts,  the  armature  E.M.F. 's  will  be  directly  proportional 
to  the  speed;  or, 

Motor  Speed  e  E  -  IR        ^        2  IR  ,  /n\ 

Dynamo  Speed  =  ^ET  =  WTTR  =  ^  "  ^^'  «PP^°^"«ately.  •  .(9) 

7  Ti 
Since  -^  lies  ordinarily  between  0.03  and  0.05,  as  we  have  seen, 
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it  follows  that  the  speed  of  a  given  machine  m  a  motor  will  l)e  gen- 
erally from  f)  per  cent  to  10  jht  cent  less  than  its  sj)ee<l  as  a  '"nanio. 
If,  however,  the  field  strength  is  not  (*onstant,  either  In'cause  of  anna- 
ture  rea<'tion  or  changes  in  the  field  current,  the  relation,  of  course, 
ceases  to  hold. 

EXAMPLE  FOR  PRACTICE 
A  certain  dynamo  is  ratetl  at  2.')  kilowatts  at  220  volts  and  000 
revolutions  |ht  minute.     Its  armature  resistance  is  O.OcS  ohm.     What 
is  its  full-load  speed  as  a  motor?  Ans.     550  r.p.m. 


pig.  13.    Force  on  Djrnamo  Armature 
Conductor  Moving  Upward. 


Fig.  IS.    Fori-«  on  Motor  Armature 
Conductor  Mo'lng  Upward. 


Direction  of  Rotation  of  Shunt  Motor.  To  examine  the  be- 
havior of  a  .shunt  dynamo  u.sed  as  a  motor,  a  mollification  of  Fig.  3 
may  l)e  used.  Fig.  3  gives  the  general  directional  relations  between 
the  field,  current,  and  force  upon  an  armature  conductor;  and  Fig. 
12  represents  the  case  of  a  wire  on  a  dynamo  armature,  moving 
toward  the  top  of  the  page,  the  current  creating  a  force  on  the  wire 
which  is  against  the  direction  of  the  motion,  .so  tliat  power  is  required 
to  keep  up  the  rotation.  Now,  if  the  machine  is  used  as  a  motor 
driven  by  current  from  the  same  line,  the  direction  of  the  field  remains 
the  same;  but  the  current  through  the  armature  is  reversed,  and  the 
field  of  Fig.  12  will  Ix?  changetl  to  tliat  of  Fig.  13.  'ITie  force  on  the 
armature  wires  is  reversed,  and  is  now  in  the  direi'tion  of  tlie  rotation. 
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instead  of  against  it  as  in  the  dynamo;  consecjuently  the  armature 
will  rotate  in  tlie  direction  of  its  rotation  as  a  dynamo.  The  reversal 
of  the  current  tlirough  the  armature,  and  not  through  the  field,  is 
shown  in  Fig.  14. 

This  property  is  of  considerable  importance  when  shunt  dynamos 
are  operated  in  parallel.     If  reduced  speed  should  cause  the  E.M.F. 

of  any  machine  to  fall  slightly  be- 
low the  line  E.M.F,,  the  armature 
merely  continues  to  revolve  in  the 
same  direction  as  a  motor,  and 
no  harm  is  done. 

To   convert   a  shunt  dynamo 
into  a  motor,  therefore,  if  the  di- 
rection of  rotation  is  to  remain 
r\r\r\r\r\r\r\r\r^r\  *^^  same,  no  change  whatever  is 

\Slsl8Sl}>lQSlQSlQ^      necessary.     A   starting   rheostat 
Fig.  14.  DirectioTiir^rrent  in  Shunt       ^ust  be  added,  but  the  machine 

Dynamo  and  Motor.  j^^^jf  ^^^j^  ^^  alteration. 

The  Starting  Resistance.  Very  small  motors  are  started  by 
simply  closing  the  switch  that  connects  them  to  the  line.  No  further 
apparatus  is  necessary,  especially  if  they  are  series-wound,  as  is  fre- 
quently the  case  to  save  the  expense  of  a  fine-wire  shunt  winding. 
For  motors  larger  than  about  one-quarter  of  one  horse-power,  at 
full  speed,  the  counter-E.M.F,  prevents  the  current  from  exceeding 
safe  values;  but  at  starting,  e  is  of  course  zero;  and  since  R  is  always 
very  small,  the  rush  of  current  that  would  take  place  on  throwing  the 
full  line  voltage  upon  the  motionless  armature  would  blow  out  all 
the  fuses,  or  might  damage  the  armature  or  even  the  line  itself.  Hence 
it  becomes  necessary  to  insert  a  resistance  temporarily  in  the  arma- 
ture circuit,  cutting  it  out  gradually  as  the  speed  rises.  Such  a  re- 
sistance is  called  a  starting  rheostat  or  starting  box. 

The  diminution  of  current  through  the  armature  as  the  speed 
increases  may  be  easily  shown  by  putting  an  incandescent  lamp  of 
about  50  candle-power  in  series  with  the  armature  of  a  small  motor. 
Fan  motors  are  usually  series-wound;  and  with  such  it  is  enough 
to  put  the  lamp  anywhere  in  the  circuit  between  the  motor  and  the 
line.  When  the  switch  is  closed,  the  lamp  burns  brightly  for  a  mo- 
ment and  then  grows  dim  as  the  armature  speeds  up,  showing  that 
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under  these  conditions  tlie  starting  current  is  much  greater  than  the 
running  current.  ITie  resistance  of  such  small  motors  is  high  enough 
to  prevent  damagt>  to  the  motor  during  the  two  or  three  seconds  re- 
(jiiired  to  come  to  full  speed,  even  though  no  starting  resistance  is 
used. 

Tlie  starting  box  itself  coasists  mainly  of  a  resistance  divided 
into  small  sections  and  arranged  with  suitable  contacts  so  that  by 
moving  the  arm  of  a  switch  the  sections  can  l)e  cut  out  one  after  an- 
other. At  full  spee<l,  the  entire  resistance  is  cut  out,  and  the  full 
line  E.M.F.  is  applied  to  the  armature  terminals.    The  resistance 


tig.  15.    Face  of  Startlnir  Hox. 


FlR. !«.    Int«rl*)rof  StartiORnox. 
Westlnghou.se  Electric  &  Matiurncturing  Com- 
pany, Pittsburg.  Pa. 


itself  is  made  of  iron  wire  or  riblwn,  wound  upon  asbestos-insulated 
tubes  or  strips,  or  eml)edded  in  insulating  enamel. 

The  face  of  such  a  rheostat  has  the  general  appearance  shown  in 
Fig.  15,  which  shows  the  movable  switch  arm  A,  the  row  of  contact 
studs  B,  and  a  small  magnet  F  whose  function  will  Ik*  explained  later. 
The  interior  of  a  rheostat  is  illustrated  in  P'ig.  Hi.  One  side  and  tlie 
l)Ottom  of  the  Iwx  are  shown  removed  for  inspection  of  the  resistance 
coils  or  for  repairs. 

When  the  motor  is  of  '>()  horsi'-power  or  over,  the  sparking  that 
always  (x*curs  at  the  contact-studs  soon  burns  them  and  causes  trouble, 
and  the  form  of  rheostat  shown  in  Fig.  15  b  being  superseded  by  a 
t}'pe  in  which  the  sections  of  the  resistance  are  cut  out  by  separate 
switches.  One  such  form  is  shown  in  Fig.  17.  The  cut  represents 
a  multiple-switch   starter   for  a  oOO-borse-power,   220-vDlt   motor. 
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The  first  switch  on  the  left  is  held  closed  by  an  electromagnet  through 
which  the  field  current  passes;  and  the  other  switches  are  held  by 
latches.  Each  switch  has  upon  it  a  metal  plate  which  prevents 
closing  it  until  the  switch  at  its  left  has  been  closed;  and  the  inter- 
locking mechanism  thus  obtained  prevents  a  careless  operator  from 
closing  the  switches  in  the  wrong  order.  When  the  current  is  cut  off, 
the  switch  on  the  left  is  opened  automatically  by  a  spring,  and  this 


Fig.  17.    FYont  of  Multiple  Switch  Motor  Starter,  with  Automatic  Release. 
Cutler-Hammer  Mauufu,cturlug  Company,  Milwaukee,  Wis. 

frees  the  switch  next  to  it;  this  opens  in  turn;  and  so  on  until 
all  have  opened,  when  the  apparatus  is  ready  for  starting  the  motor 
again. 

In  starting  motor-generator  sets,  rotary  converters,  and  other 
apparatus  where  the  starting  current  is  only  a  small  fraction  of  the 
running  current,  it  is  desirable  to  cut  out  the  entire  starting  mechanism 
after  full  speed  is  attained.  In  such  cases  a  simpler  starting  device 
is  often  used,  of  relatively  small  capacity  and  without  automatic 
attachments.  One  form  of  such  starting  device  is  shown  in  Fig.  18. 
'^The  picture  shows  clearly  the  way  in  which  the  steps  of  the  resistance 
are  cut  out  as  the  switch-blade  is  slowly  pushed  home.    This  switch 
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is  placed  on  the  general  switchlxmrtl  of  the  apparatus,  and  the  re- 
sistance mounted  separately. 

The  maximum  resistance  It  of  the  starting  rheastat  is  deter- 

mined  by  the  ec]uation  II  —  '' ,  where  /  is  the  current  re<|uired  to 

start  the  motor.  Frcfjuently  motors  must  start  under  ioa<!,  and 
the  necessary  starting  current  is 
coiLsidcrably  ;,Teatcr  than  the 
normal  iull-Ioad  numing  current 
— sometimes  two  or  three  times 
as  much.  Aiiy  good  motor  v/ill 
safely  endure  this  overload  for 
the  15  or  30  seconds  required 
to  come  up  to  speed;  and  many 
starting  rheostats  are  designed 
to  carry  for  this  tims  a  50 
per  cent  excess  over  the  full- 
load  motor  current.  But  when 
a  greater  starting  current  than 
this  is  needed,  or  when  it  is 
desirable  to  allow  the  motor  a 
minute  or  more  in  which  to  come 
up  to  spcetl,  the  ordinar}'  starting 
rluHxstat  is  liable  to  overbed  ♦,  and 
one  of  larger  size  must  lx>  in- 
stalled. With  a  lx)x  designetl  to 
start  the  motor  under  load,  the 
speed  will  rise  rather  quickly  if 
the  motor  is  not  loaded;  but  this 
does  no  hann  if  the  current  is  not 


FlR.  18 
WestlUKhonse  Kl 
Coinianj- 


excessive. 

Electrical  Connections  of  Shunt  Motor.  Fig.  19  reprt^sents 
perhaps  the  simplest  method  of  wiring  a  shunt  motor  and  starting 
rheostat  on  constant-potential  mains.  From  the  line,  the  wires  lead 
through  a  fuse-block  F  and  a  doubie-jK)le  switch  S.  If  the  motor 
is  a  large  one,  a  circ*uit-breaker  is  InHter  than  fuses.  On  tracing  out 
the  connections,  it  will  be  seen  that  when  the  switch  iS  is  cU>sed  tlie 
current  flows  through  the  motor  fields.     With  the  rheostat  arm  a  in 
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the  pasition  shown,  no  current  flows  tlirough  the  armature;  but  on 
moving  the  arm  to  the  first  contact,  the  armature  circuit  is  closed 
through  the  resistance  R,  which  is  gradually  cut  out  as  the  handle  is 
moved  to  the' left.  Opening  the  main  switch  cuts  off  the  line  current, 
but  leaves  the  field  connected  across  the  armature  terminals,  as  in  a 
dynamo;  so  that,  as  the  motor  comes  to  rest,  the  fields  die  down 


Fig.  19.    Wiring  Connections  of  Shunt  Motor. 

gradually  without  the  destructive  flash  that  would  occur  if  the  field 
circuit  were  opened  suddenly  while  the  magnets  ara  excited.  For 
this  reason  the  field  circuit  should  not  be  opened  first. 

When  the  armature  has  come  nearly  to  rest,  the  rheostat  arm 
is  restored  to  the  original  position,  and  the  motor  is  ready  for  starting 
again. 

Automatic  Release.  The  preceding  diagram  has  been  drawn  to 
reduce  the  principle  to  its  lowest  terms  and  to  keep  the  drawing 
clear;  but  in  practice  the  simple  rheostat  shown  is  seldom  used. 
After  the  motor  is  shut  down  by  opening  the  main  switch,  the  rheostat 
lever  must  be  moved  back  by  hand,  to  the  starting  position;  and 
this  is  an  operating  detail  that  is  very  easily  forgotten.  Consequently, 
when  the  motor  is  to  be  started  again,  the  position  of  the  arm  may 
not  be  noticed,  and  damage  may  be  done  by  closing  the  switch  with 
no  resistance  in  the  armature  circuit.  Furthermore,  the  power  supply 
may  be  cut  off  and  the  line  mav  become  "dead"  while  the  motor  is 
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running,  whereupon  the  motor  stops  of  itself  with  the  rheostat  arm 
in  tlie  running  {xxsition  tis  l)efore.  It  is  therefore  the  ahnost  universal 
custom  to  install  rheostats  which  are  arranged  to  allow  the  arm  to 
fly  hack  automatically  to  the  off  {>osition  whenever  the  power  is  shut 
off  frojn  the  motor.  One  method  of  accomplishing  thi>  is  to  connect 
the  auxiliary  or  retaining  magnet  shown  in  Fig.  15  in  series  with  the 


O 


^ 


Fiff.  so.    Connections  of  Motor-Starting  Rheostat  with  No- Volt. 1^.-0  K.l.  ise. 

motor  fields,  the  rheostat  arm  being  provided  with  a  spring  tending 
to  throw  it  back  into  the  off  position."  When  in  the  running 
position,  as  shown,  the  iron  arm  is  held  by  the  attraction  of  tlie 
magnet  against  the  force  of  the  spring;  but  when  the  motor  loses 
its  field,  the  magnet  loses  its  power,  and  tlie  spring  curries  the 
arm  back  into  the  off  |K)sition.  Tlie  retaining  magnet  is  placed  in 
series  with  the  field  rather  than  tlie  armature,  liecAUSi*  it  is  thus  inde- 
pendent of  (tie  load  on  the  machine,  and  in  addition  affords  protec- 


273 


30  DIRECT-CURRENT  MOTORS 

tion  in  case  the  field  circuit  should  be  broken  while  running,  thus 
leaving  the  armature  without  any  counter-E.M.F. 

There  are  other  ways  of  accomplishing  the  same  result.  The 
one  shown  in  Fig.  20  represents  a  method  of  connection  employed 
by  the  General  Electric  Company.  Here,  as  may  be  seen  by  tracing 
out  the  connections,  the  retaining  magnet  is  connected  across  the  ar- 
mature terminals.  When  the  line  circuit  is  opened,  the  rheostat  arm 
is  held  by  the  current  generated  in  the  magnet-coils  by  the  armature 
E.  M.  F.,  until,  as  the  armature  slows  down,  the  magnet  weak- 
ens, and  the  spring  pulls  the  arm  over  into  the  starting  position. 

Wiring  Connections.     Figs.  15  and  19  are  typical.  The  ordinary 

starting  rheostat  has  three  terminals,  which  are  usually  marked 

,^  Line,  Armature,    and    Field   or 

C  W 

Shunt  Field.    There  are  four  ter- 

/^        N.  minals  on  the  motor  (a,  b,  c,  d, 

^  ^ ^^    Fig.  21) — two  for  the  armature 

and   two  for  the  field;  but  one 

armature  and  one  field  terminal 

are  always  at  the  same  potential 


1^  ^/     are  always  ai  uie  same   puieiiuai 

TQQQQQQ_Q_Q_Q^^_y       and  may  therefore  be  connected, 
Fig.  21.  Motor  Field  and  Armature  leaving  three  Separate  terminals 

c',  a,  and  b  on  the  motor,  which 
may  be  called  Line,  Armature,  and  Field,  respectively. 

If  the  rheostat  terminals  are  marked  as  above,  the  wiring  of  a 
shunt  motor  then  becomes  a  simple  matter.  After  putting  in  the 
fuses  and  double-pole  switch,  first  run  a  wire  from  one  pole  of  the 
switch  to  the  rheostat  terminal  marked  Line.  Run  a  second  wire 
from  the  Armature  terminal  of  the  rheostat  to  the  free  terminal  a  of 
the  motor  armature,  and  a  third  wire  from  the  Field  terminal  of  the 
rheostat  to  the  free  terminal  b  of  the  motor  field.  This  wire,  which 
carries  only  the  field  current,  may  often  be  made  smaller  than  the 
others.  Finally,  run  a  wire  from  c',  the  common  terminal  of  the 
motor  field  and  armature,  back  to  the  other  pole  of  the  switch, 

A  common  mistake  in  wiring  consists  in  interchanging  the  Li7ie 
and  Armature  wires  at  the  starting  box.  On  the  first  contact-stud, 
this  puts  the  field  across  the  brushes  and  therefore  in  parallel  with  the 
armature,  l)oth  being  in  series  with  the  starting  resistance.  Hence, 
since  most  of  the  line  E.M.F.  is  expended  in  the  resistance,  there  is 
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very  little  across  the  terminals  of  the  field  winding  and  the  armature; 
and  the  field  is  consecjuently  so  weaR  that  the  motor  may  not  develop 
sufficient  starting  tortjue  unless  the  current  is  large*  enough  to  injure 
the  starting  box.  This  is  one  of  the  first  places  to  Icxjk  for  the  trouble, 
if  a  motor  does  not  start  properly  when  first  installetl. 

There  are  several  methods  of  arranging  the  connections  iaside 
the  starting  box  itself,  as  shown  in  Fig.  22,  in  which  the  retaining  mag- 
net E  is  drawn  outside  the  l)ox  for  clearness.  It  will  Ik?  noticed  that 
the  only  difference  is  in  the  connection  of  the  field  circuit.  In 
the  upper  diagram,  closing  the 
switch  establishes  the  field  cir- 
cuit; while  in  the  lower  diagram, 
no  current  flows  until  the  rheo- 
stat arm  is  moved  to  the  first 
stud.  In  the  lower  diagram 
the  starting  resistance  is  always 
in  the  field  circuit;  but  its  re 
sistance  is  so  small  compared 
with  that  of  the  field  coils  that 
its  effect  is  not  noticed.  By  an 
auxiliary  contact  m,  the  resist- 
ance is  sometimes  cut  out  en- 
tirely. Tlie  litde  magnet  E  takes  only  a  few  watts,  and  is  without 
effect  on  the  operation  of  the  motor. 

Overload  Release.  This  is  a  useful  addition  to  the  starting  box, 
for  the  purpose  of  cutting  the  motor  out  of  circuit  when  die  armature 
current  becomes  excessive,  without  relying  on  the  fuses  or  circuit- 
breaker.  It  consists  of  a  second  electromagnet  Uirough  which  the 
armature  current  passes,  mounted  on  the  face  of  the  starting  box, 
and  provided  with  a  movable  annature  which  hangs  down  like  a 
hinge  below  the  magnet-poles.  When  the  current  e.xc-eeds  the  proper 
strength,  the  armature  is  lifted  by  the  attraction  of  the  magnet  and 
presse^s  agaiast  little  contact-pins,  short-circuiting  the  release  magnet 
holding  the  rhiK>stat  arm,  whereupon  the  arm  at  once  flies  back  to 
the  off  position. 

This  device  is  not  intended  to  Ix?  used  as  a  substitute  for  the 
fuses,  but  is  adjustable  and  us<«ful  for  taking  care  of  overloads  not 
exceeding  alwut  50  per  cent.     Heavier  fuses  tnay  then  l>e  used,  giving 


71g.  S3l    Starting- Box  Connections. 
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the  necessary  protection  but  saving  the  annoyance  of  frequently 
blown  fuses.  Fig.  23  shows  the  connections  of  a  rheostat  equipped 
with  an  overload  release  of  this  type. 

OPERATION  OF   MOTOR 

To  Start  the  Motor.     In  starting  the  motor,  the  following  direc- 
tions  are  to  be  observed : 

1.     Close  the  main  switch.     According  to  the  method  of  con- 


Fig.  23.    Connections  of  Motor-Starting  Rheostat  with  No- Voltage 

and  Overload  Release. 

General  Electric  Company,  Schenectady,  N.  Y. 

nection,  as  shot».'n  in  Fig.  22,  this  will  either  establish  the  current 
through  the  fieldj  or  will  merely  bring  the  line  voltage  up  to  the  start- 
ing box. 

2.  Move  the  rheostat  lever  to  the  first  contact,  and  hold  it  there 
for  one  or  two  seconds. 

3.  Move  the  lever  to  the  second  stud,  and  hold  it  there  for 
about  one  second;  and  so  on,  until  all  the  studs  have  been  passed 
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over  and  the  resisUinct'  is  sdiort-<*ircuiteil.  The  lever  slioiilil  tlieii  l>e 
(irmly  held  by  the  retaining  inafjnet.  The  entire  operation  should  not 
eoiLsunie  more  than  15  to  'M)  set-onds. 

If  the  motor  tl(x?s  not  start  when  the  lever  is  on  the  thin!  stud, 
open  the  main  switch,  and  look  for  the  trouble.  It  may  Ije  due  to 
one  or  another  of  the  following  causes : 

1.  Overload. 

2.  An  opt-n  circuit  aomewhere. 

3.  A  short  circuit  aoincwhcre. 

4.  Wrong  connections. 

No  cause  of  motor  trouble  is  more  common  than  simple  over- 
loading. Always  at  the  time  of  installation,  and  (x-casionally  there- 
after, an  ammeter  should  be  connected  into  the  motor  circuit,  and  its 
reading  compared  with  the  rated  current  of  the  motor.  Motors  are 
designed  to  do  their  work  with  but  little  attention.  They  frecjuently 
get  none  at  all;  belt,  commutator,  and  bearings  are  neglected;  ad- 
ditional machinery  is  put  into  the  shop  and  operated  from  the  original 
motor;  and  so  on — with  the  inevitable  result  of  overload. 

'Hie  methods  of  locating  troubles  and  remedying  tliem,  and  of 
caring  for  dynamo-electric  machinery  in  general,  are  matters  of  such 
hnportance  that  their  full  discussion  requires  treatment  in  a  separate 
paper. 

To  Stop  the  Motor.  Open  the  main  switch.  The  motor  will 
run  for  a  little  time  by  its  own  momentum,  and  the  retaining  magnet 
will  not  allow  the  rheostat  arm  to  fly  back  until  the  armature  has 
slowed  down  considerably.  If  the  contact-studs  are  dirty,  the  lever 
may  not  move  readily  over  them;  and  if  it  does  not  fly  back  sharply, 
they  should  be  cleaned,  and  the  spring  on  the  lever  adjusted  if  neces- 
sary. 

Reversing  Direction  of  Rotation.  Most  motors  are  now  built 
with  radial  brushes,  and  may  rotate  equally  well  in  either  direction. 
To  reverse  the  rotation,  it  is  necessarj*  to  change  the  direction  eidier 
of  the  field  or  of  the  armature  current,  but  not  of  both,  since  the 
double  reversal  would  be  Wjuivalent  to  turning  Fig.  3  over  twice, 
leaving  the  force  upon  the  armature,  and  consequently  the  rotation, 
in  the  same  direction  as  before. 

To  allow  easy  connection  for  rotation  in  either  direction,  some 
motors  are  provided  witli  separate  field  and  armature  terminals,  as 
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shown  in  Fig.  24.     The  direction  of  the  armature  current  can  then 
be  reversed  by  changing  the  connections  as  shown. 

In  motors  which  are  to  be  reversed  while  in  operation,  the  arma- 
ture connections  are  the  ones  changed,  because  tliis  causes  less  severe 
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Fig.  24. 


C!onnectlons  for  Reversing  a 
Motor. 


Fig.  26.    Connections  of  Reversing  Switch. 


strains  on  the  insulation  than  reversing  the  highly  inductive  field 
circuit.  If  the  motor  is  merely  to  be  reversed  once  for  all,  the  brushes 
should  be  shifted  to  the  proper  lead  on  the  other  side  of  the  no-load 
position;  but  if  it  must  run  in  either  direction  while  at  work,  of  course 
no  lead  can  be  given  to  the  brushes,  and  they  must  be  fixed  per- 
manently in  the  no-load  position. 
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A  motor  sJiould  never  he  reversed  while  running,  excejd  for  the 
most  necessary  reasons,  and  then  not  until  the  full  resistance  is  inserted 
in  the  armature  circuit.  For  with  the  line  E.M.F.  reversed,  the 
counter-P^.M.F.  of  the  annatim*  is  for  a  moment  adde<l  to  that  of 
the  Hnc,  and  the  excessive  current  that  flows  brings  the  armature 
to  a  stop  with  a  severe  jolt  that  is  very  Hkely  to  cause  damage. 

Fig.  25  shows  one  form  of  reversing  switch;  and  Fig.  26,  the 
manner  of  its  con- 
nection into  the 
armature  circuit. 
In  Fig.  25,  //  and 
//  are  brass  bars 
pivoted  at  a  and  b, 
and  connected  by 
a  fiber  cross-piece 
A'.  As  shown,  they 
are  in  contact  with 
the  studs  d  and  i: 
When  A'  is  moved 
so  as  to  bring  the 
bars  on  the  studs 
c  and  d,  as  shown 
by  the  dotted  lines, 
it  is  easy  to  .see 
that  the  current 
will  be  reversed 
in  the  circuit  AB. 

Fig.  27  shows,  at  a,  a  simple  and  .satisfactory'  reversing  switch 
made  by  cro.ss-connecting  the  clips  of  an  ortlinary  doubk^|K)lo, 
double-throw  knife  switch,  'llie  line  circuit  is  connected  to  the  clips; 
the  circuit  to  Ik*  reversed  is  connected  to  the  switch-blades;  and 
simply  throwing  the  switch  up  or  down  accomplishes  the  result. 

At  b  in  Fig.  27  is  shown  the  principle  of  cylinder  construction 
which,  in  a  more  elalK)rate  form,  is  much  used  for  speed  controllers. 
In  the  diagram,  an  insulating  cylinder  carries  two  rows  of  contact- 
blocks  against  which  spring  contact-fingers  press,  connected  to  tlie 
various  terminals  of  the  motor  circuit.  When  the  cylinder  is  turned 
to  bring  the  blocks  j  and  k  into  contact  witli  the  fingers,  the  current 


Pig.  87.    Reversing  Switches, 
a— Knife  Switch;  ^— Cylinder  Switch. 
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will  flow  downwards  through  the  motor  armature;  and  with  the 
blocks  m,  11,  p,  and  q  in  contact,  the  current  will  flow  upwards.  It 
is  obvious  that  this  arrangement  may  be  extended  to  execute  much 
more  complicatetl  combinations  of  circuits,  by  the  use  of  more  fingers 
and  more  rows  of  contact-blocks;  and  in  a  highly  developed  form 
it  is  widely  used  for  controlling  the  motors  of  street-railways. 

Automatic  Starters.    The  control  of  a  motor  from  a  distance 

usually  involves  the  necessity 
of  a  self -starting  apparatus, 
by  which  all  the  motions  of 
the  starting  rheostat  are  auto- 
matically performed  on  clos- 
ing the  distant  control  switch. 
The  movement  of  the  rheostat 
arm  is  effected  by  a  solenoid, 
and  the  rate  of  its  motion  is 
governed  by  a  dashpot  filled 
with  oil.  A  valve  in  the  dash- 
pot  allows  the  total  time  of 
the  motion  to  be  varied  as 
required;  or  thick  or  thin  oil 
may  be  used  for  the  same 
purpose.  Perhaps  the  most 
common  instance  of  this  kind 
of  service  is  the  supply  of 
open  tanks  with  water,  and 
closed    reservoirs  with  com- 


Fig.  28.    Self-starter  Used  with  Motor-Driven 

Pump. 

Cutler-Hammer  Mfg.  Co.,  Milwaukee,  Wis. 


pressed  air.  In  the  first  case,  a  float  switch  starts  the  pump  when 
tile  water  falls  below  a  certain  level,  and  stops  it  when  the  tank  is 
full;  in  the  second  case,  the  pressure  must  be  kept  within  certain 
limits,  and  a  diaphragm  valve  makes  and  breaks  the  control  circuit. 
Fig.  28  shows  a  self-starter  operated  by  a  float  switch.  This 
switch,  when  closed,  energizes  the  solenoid  of  the  main  switch  shown 
alM)ve  the  motor  in  the  diagram.  Closing  the  main  switch  also 
energizes  the  solenoid  on  the  rheostat  arm,  and  the  arm  rises,  thus 
starting  the  motor.  At  the  end  of  its  travel,  the  arm  breaks  a  con- 
tact, and  by  so  doing  inserts  an  incandescent  lamp  in  the  circuit  of 
the  solenoid,  preventing  overheating,  a  small  current  being  enough 
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to  hold  t\w  urn)  in  place.  The  motion  of  tlie  arm  also  inserts  a  lamp 
resistance  in  the  cin'uit  of  the  main  switch  solenoid,  us  a  safety  device. 
For  if  the  main  switch  is  openetl,  and  then  close<l  l)efore  the  rheostat 
arm  has  inserted  all  the  resistance  into  the  motor  circuit,  the  rush  of 
current  might  blow  the  fuses;  but  the  lamp  is  short-circuited  only  in 
the  off  position  of  the  ann;  and  only  under  these  conditions  is  the 
current  strong  enough  to  lift  the  plunger  and  close  the  switch. 

Reversing  Starters.  lathes  and  other  machine  tools  must  often 
nm  backwards  as 
well  as  forwards. 
Fig.  20  shows  a  start- 
ing apparatus  de- 
signed to  meet  this 
condition.  It  is  in 
effect  a  pair  of  start- 
ing rheostats,  de- 
signeti  to  bring  the 
motor  to  full  speed  in 
either  direction. 
When  the  handle  is 
in  the  middle  posi- 
tion, the  motor  is  cut 
out  of  circuit;  and 
moving  the  handle  to 
one  side  or  the  other 
starts  the  motor  for- 
ward   or    backward 

COrrespondinglv.  Fig.  so.    Pull  Reverse  Motor  Siarler. 

'  Cutler-Hammer  Mfg.  Co..  Milwaukee,  Wis. 

SPEED  CONTROL  OF  SHUNT  MOTORS 

Varying  E.  M.F.  at  Brushes.  A  wide  range  of  speed  is  easily 
obtainc<l  by  simply  inserting  a  suitable  resistance  in  the  armature 
circuit,  as  indicated  by  /?,  Fig.  30,  leaving  the  field  circuit  FF  un- 
changetl.  'Hie  amount  of  resistance  inserted  in  order  to  obtain  the 
desired  sj)eed  and  tortjue  can  lie  calculated  in  several  ways. 

Example.  A  certain  IlO-volt  shunt  motor  takes  7.S  amperes  at  full  load, 
at  a  8pee«l  of  700  revolutions  per  minute.  >\'hat  resistance  must  be  put  in 
series  with  the  armature  to  obtain  hnlf-speed  nt  two-thirds  of  the  full-load 
torque? 
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SoliUion.     In  Equation  7  (page  17),  «1 

E  -  IR 

'  ~    kfz     ' 

R  includes  not  only  the  armature  resistance,  but  any  other  resistance 
that  may  be  in  series  with  it.  At  full  speed  there  is  no  resistance 
in  the  armature  circuit,  except  that  of  the  armature  itself;  and  this 
is  negligible  in  problems  like  these,  so  that  in  this  case  we  may  write: 
E  -0      110 


700= 


whence  k  f  z  =  0.157. 


k  f  z   ""'     k  }  z 
The  torque  at  the  new  speed  will  obviously  require  two-thirds 
of  75  amperes,  or  50  amperes.     Therefore,  using  Equation  7  again, 

8  =  — r-j =  350  =  —  —  ;  whence  R  =  l.l  ohms,  nearly. 

K  J  Z  U . 157 

For  a  more  exact  solution,  the  arma- 
ture resistance  should  be  known;  but  the 
above  method  is  quite  accurate  enough  for 
all  ordinary  cases. 

The  above  method  of  speed  control 
has  the  advantage  of  simplicity,  cheap- 
ness, and  wide  range.  It  is  objection- 
able, however,  when  the  load  is  fluctuat- 
ing, for  the  E.M.F.  at  the  armature  ter- 
minals, and  hence  the  speed,  depend 
upon  the  IR  loss  in  the  resistance;  and 
IR  of  course  varies  with  every  change  in 
/.  Thus,  whenever  the  load  increases, 
the  speed  will  decrease,  and  conversely; 
and  this  is  objectionable  in  many  classes 
of  work.  A  second  objection  is  that  the 
voltage  taken  up  in  the  resistance  represents  just  so  much  power 
wasted,  the  loss  in  watts  being  simply  PR.  With  a  large  motor, 
this  loss  may  be  a  somewhat  expensive  matter;  with  a  small  one,  the 
simplicity  and  convenience  largely  offset  the  cost  of  operation. 

EXAMPLES  FOR  PRACTICE 

1.  The  full-load  current  of  a  250-volt  motor  is  20  amperes,  and 
the  speed  800  revolutions  per  minute.  What  resistance  is  required 
in  series  with  the  armature,  to  give  f -speed  with  ^-full-load  torque? 

Ans.    G.25  ohms. 


sis 


tance  in  Armature  Circuit. 
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2.  What  is  the  power  loss  in  the  resistance  added  to  the  110- 
volt  motor  discussed  above?  Ans.     2,750  watts. 

3.  What  fraction  of  the  power  supplied  to  the  220-voIt  motor 
above  discussed  is  wasted  in  the  added  resistance? 

Ans.     25  per  cent. 

It  is  important  to  note  that  for  the  above  purposes  the  starting 

rheostat  must  never  be  used.     'ITie  sf>ecific  heat  of  the  materials  of 

the  rheostat  is  utilized  to  keep  its  temj>erature  within  safe  UmiLs  during 

the  brief  time  retjuired  for  starting.     The  box  is  not  large  enough  to 


Fiff.  81.    Sundard  Grids. 
Westingtaouse  Electric  &  Manufacturing  Comi>any,  Pittsburg,  Pa. 

dissipate  much  heat,  and,  if  used  as  a  speed  controller,  would  bum 
out  in  a  very  short  time.  Resistances  used  to  dissipate  much  energy 
continuously,  must  have  liberally  proportioned  surfaces  and  free 
ventilation.  Small  ones  are  usually  made  of  iron  wire,  larger  ones 
of  iron  ribbon,  wound  on  asbestos  supports  to  expose  as  much  sur- 
face as  passible  to  the  air;  very  large  ones  are  made  of  zigzag  strips 
of  cast  iron,  called  grids.  Fig,  31  shows  single  grids  of  various  sizes. 
As  many  elements  as  needed  are  assembled  in  iron  frames. 

Speed  Control  by  Varying  Field.  This  method  Is  very  simple 
in  principle,  and  wastes  but  little  energy  in  the  controlling  resistance. 
By  varying  a  resistiince  in  series  with  the  field  windings  of  a  shunt 
motor,  the  field,  and  hence  the  s|)eed,  are  controllable  to  a  certain 
extent.  The  advantage  of  this  method  of  control  is  in  its  simplicity, 
and  in  the  fact  that  since  the  field  current  is  small,  there  is  but  little 
energy  wasted  and  little  heat  to  dissipate  from  the  rheostat.     Furtlier, 
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the  speed  is  adjustable  by  small  steps.  The  disadvantage  of  the 
method  arises  from  the  fact  that  the  field  must  not  be  weakened  below 
the  point  of  satisfactory  commutation.  This,  with  an  ordinary 
motor,  limits  the  speed  variation  to  about  25  per  cent,  or  perhaps 
30  per  cent.     If  a  greater  range  than  this  is  required,  a  larger  and 


Fig.  32.    Variable-Speed  Motor. 
StowMauufacturlngCo..  Bingbamton,  N.  Y. 

heavier  field-magnet  must  be  provided;  for  example,  for  a  2  to  1 
variation,  a  15-horse-power  frame  should  be  used  for  a  10-horse- 
power  motor,  while  a  3  to  1  variation  requires  a  20-horse-power 
frame  for  a  10-horse-power  motor,  with  other  sizes  in  proportion. 
This,  of  course,  means  a  motor  of  large  size  in  proportion  to 
its  output.  The  torque  diminishes  with  the  weakened  field,  and 
this  is  just  compensated  by  the  increased  speed,  so  that  the 
motor  runs  with    practically  constant    horse-power   output.      For 
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still  greater  sp>eed  variatioas,  special  coastructions  are  used,  which 
will  be  deserilH*<l  later.  Fig.  43  (page  52)  shows  an  adjustable- 
speed  motor  giving  a  3  to  1  variation  in  speed  by  variation  of  field 
resistance. 

Apart  from  the  extra  size  of  the  motor,  speetl  control  by  this 
system  is  very  satisfactory  where  conditions  do  not  warrant  the  instal- 
lation of  a  multiple-voltage  system. 

Control  by  Varying  Magnetic  Reluctance.  If  the  reluctance 
of  the  magnetic  circuit  is  varied,  the  field  strength  will  vary  though 


Pig.  SA.    Sectlooal  Views  of  Variable-Speed  Motor  Shown  In  Pig.  n. 

the  field  current  is  kept  constant.  Advantage  of  this  is  taken  in  the 
motor  illiLstrated  in  Fig.  32.  In  this  machine  the  field  cores  and 
poles  are  hollow  and  provided  with  iron  plungers,  which  can  be 
move<l  toward  the  armature  or  away  from  it  by  a  hand-wheel  operating 
suitable  gearing.  The  advantage  of  this  construction  is  that,  when 
the  plungers  are  withdrawn,  the  magnetic  flux  is  obliged  to  enter  the 
armature  through  the  edges  of  the  pole-pieces;  and  hence,  even  with 
the  weakest  total  field,  the  actual  distribution  is  always  such  as  to 
give  proper  commutiition.  Moreover,  the  armature  reaction  is  re- 
duceil  with  weak  fiehls,  In-cause  iron  is  remove<l  from  the  path  of  the 
cross-flux,  and  this  also  a.ssists  commutation.  A  3  to  1  speed  variation 
is  obtained. 
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Control  by  Varying  Line  E.  M.F.  This  will  be  discussed  later, 
under  the  heading  Multi-  Voltage  Systems. 

Combination  Methods.  It  is  evident  that  the  preceding  methods 
of  speed  control  are  largely  independent  of  one  another,  and  may 
therefore  be  used  in  combination,  giving  a  wide  range  of  speed ;  and 
several  combinations  are  discussed  in  the  following  pages.  They  are 
applicable  to  shunt  and  series  motors  alike.  When  a  number  of 
running  speeds  forward  and  backward  are  required,  as  in  hoisting 
machinery  and  machine  tools,  and  the  stops  and  starts  are  frequent, 
as  in  elevator  service,  the  controlling  apparatus  must  be  of  the  most 
substantial  construction,  and  is  often  very  elaborate. 

SERIES  MOTORS 

As  with  series  dynamos,  the  armature  and  field  windings  of  these 
machines  are  in  series,  and  the  same  current  therefore  passes  through 
both.  They  are  always  used  upon  electric  railways,  and  in  general 
for  operating  hoisting  and  mill  machinery,  where  a  strong  starting 
torque  is  required  without  the  necessity  of  constant  speed.  I>ike 
shunt  motors,  they  are  practically  always  operated  on  constant- 
potential  circuits. 

Direction  of  Rotation.  In  considering  the  direction  of  rotation 
of  a  shunt  dynamo  used  as  a  motor  (page  23),  it  was  noted  that  the 
field  and  the  direction  of  rotation  remain  unchanged  when  the  arma- 
ture current  reverses  its  direction,  and  the  dynamo  becomes  a  motor; 
but  in  the  case  of  a  series  dynamo  used  under  like  conditions,  the 
reversal  of  the  current  reverses  the  field  as  well,  and  hence  the  arma- 
ture tends  to  rotate  in  the  opposite  direction.  If,  therefore,  a  series 
dynamo  were  feeding  a  constant-potential  circuit,  and  its  E.M.F. 
fell  below  that  of  the  line  for  any  reason,  its  rotation  would  be  re- 
versed and  the  machine  would  be  injured. 

A  series  motor  will  run  in  the  same  direction,  no  matter  which 
direction  the  current  takes  through  it;  for  reversing  the  armature 
current  reverses  the  field  as  well,  and  hence  leaves  the  rotation  un- 
changed. To  reverse  the  rotation,  it  is  necessary  to  reverse  the  rela- 
tion of  the  armature  and  field  currents,  and  this  is  usually  done  by 
interchanging  the  armature  terminals. 

Speed  and  Torque  Curves.  When  a  series  motor  running  at  a 
given  speed  on  constant-potential  mains  has  an  additional  load  put 
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upon  it,  the  armature  slows  down,  the  counter-E.M.F.  decreases, 
and  more  current  flows  from  the  line.  But  since  this  current  passes 
through  the  field-coils,  the  field  strength  will  increase,  and  this  will 
further  reduce  the  speed,  while  the  torque  will  increase  enough  to 
take  care  of  the  increased  load.  Throwing  off  the  load  will  allow 
the  armature  to  speed  up,  and  this  will  increase  the  counter-FI.M.F., 
reducing  the  current,  which  in  turn  reduces  the  field  strength  and 
still  further  increases  the  speed,  until  the  power  delivered  and 
the  losses  together 
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etjual  the  power 
taken  from  the 
line.  Hence  the 
series  motor  has 
a  different  speed 
for  every  load.  If 
the  strength  of  the 
field  were  propor- 
tional to  the  cur- 
rent, the  speed 
curve  would  be  a 
straight  line;  but 
as  the  current  in- 
creases, the  mag- 

0 

nets  are  more 
nearly    saturated,  Pig.  n. 

and  the  speed  de- 
creases less  rapidly  toward  full  load.  The  speed  curve  takes,  m  gen- 
eral, the  form  .shown  in  Fig.  33,  which  is  from  a  50-horse-power  rail- 
way motor.  By  having  so  many  turns  of  wire  on  the  field-magnets 
that  they  are  well  saturated  with  only  a  part  of  the  full-load  current, 
tlie  speed  variations  in  the  neighborhood  of  full  load  are  much  reduced. 
A  valuable  property  of  the  series  motor  is  the  increase  of  torque 
in  a  greater  ratio  than  the  increase  of  current,  due  to  the  strengthening 
of  the  field  at  the  same  time.  This  is  shown  by  the  curve  marked 
"Tractive  Effort"  in  Fig.  33;  for  a  shunt  motor,  this  curve  would  be 
a  straight  line.  Hence  the  tor(|ue  of  the  series  motor  is  large  when 
starting  under  load,  and  this  makes  it  especially  valuable  for  railway 
and  other  senpice  where  the  starting  duty  is  severe. 
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Speed.  Torque,  and  Efficiency  Carres  of  a 
Railway  Motor. 
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When  the  load  is  removed  entirely  from  a  series  motor,  the 
diminution  of  the  current,  and  consequent  weakening  of  the  field, 
are  likely  to  cause  excessive  and  often  dangerous  speeds,  so  that  it  is 
necessary  to  provide  some  safety  device  for  cutting  off  the  current  at 
high  speeds,  unless  the  conditions  are  such  that  the  motor  cannot  be 
wholly  freed  from  its  load,  as  in  the  case  of  street-cars.  Very  small 
motors,  such  as  fan  motors,  are  series- wound;  but  their  normal  run- 
ning current  is  so  small  that  they  can- 
not take  enough  power  from  the  line  to 
injure  themselves,  even  when  running  free. 
Starting  Rheostat.  The  same  general 
principles  apply  to  starting  both  shunt 
and  series  motors;  but  since  there  is  only 
one  circuit  in  the  series  motor,  the  wiring 
is  simpler.  The  connections  are  as  in 
Fig.  34,  in  which,  however,  the  switch 
and  fuses  are  not  shown.  The  resistance 
of  the  field  windings  is  always  in  circuit; 
and  this,  together  with  its  highly  induc- 
tive character,  helps  to  cut  down  the  rush 

f .      of  current  at  starting.     The  little  magnet 

I \     E  of  the  automatic  release  (Fig.  22)  is 

"  connected  through  a  resistance  across  the 

wiring  Connections  of  .       ^         •      i 

a  Series  Motor.  motor  terminals. 


Fig.  34. 


SPEED  CONTROL  OF  SERIES  MOTORS 

Varying  the  E.  M.F.  at  Armature  Terminals.  As  in  the  case  of 
shunt  motors,  all  three  methods  of  speed  control  are  practicable,  and 
may  be  used  separately  or  in  combination.  With  a  single  motor, 
varying  the  E.M.F.  at  the  armature  is  most  easily  accomplished  by 
a  resistance  in  series  with  the  motor.  The  connections  are  as  in 
Fig.  34,  where  R  may  represent  either  a  starting  rheostat  or  a  speed- 
controlling  resistance,  though  of  course  neither  piece  of  apparatus 
can  be  used  for  the  purposes  of  the  other  unless  specially  constructed. 
Controlling  the  speed  by  varying  the  strength  of  the  field  is  accom- 
plished either  by  shunting  the  field  windings  so  that  part  of  the 
current  is  diverted  through  the  shunt,  or,  in  some  cases,  by  short- 
circuiting  a  part  of   the   field  winding,  thus   reducing  the  effective 
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numlx?r  of  turns  in  the  coils.  Motors  have  also  been  used  in  which 
the  ficld-c*oils  were  connected  in  various  series-parallel  combina- 
tions. 

Railway  Motors.  The  most  imjiortiint  application  of  the  scries 
motor  is  on  the  electric  railway,  the  wjuipmcnt  Ikmuj;  generally  two 
motors  per  car.  The  starting  rheostat  is  specially  designed  to  serve 
as  a  s|K'<'<l-n>giilating  resistance  as  well,  and  the  various  armature 
and  (iild  combinations  are  made  by  a  controller,  built  like  an  elabor- 


Plg.  SB.    Vehicle  Motor. 
AVestingbouse  Elec<rlc  &  Manafacturlng  Company.  Plttsbarg.  Pa. 

ate<l  fonn  of  that  shown  at  b  in  Fig.  27.  At  starting,  the  controller 
connects  lH)th  motors  and  a  resistance  in  series,  and  the  resistance  is 
gradually  cut  out,  leaving  the  motors  in  series  across  the  line,  each 
rwriving  one-half  of  the  line  voltage  and  hence  running  at  half-speed, 
'llie  next  |xxsition  of  the  contn)ller  handle  .shunts  the  field  or  short- 
circuits  a  part  of  the  field  winding,  giving  an  increase  in  speed. 
Further  movement  of  the  haiuUe  removes  the  shunt,  and  connects  the 
motors  in  parallel,  but  with  a  resistance  in  series  with  the  pair.  This 
is  again  gradually  cut  out  until  each  motor  receives  the  full  line  vol- 
tage acrass  its  terminals.  Finally,  the  fields  are  again  shunted,  and 
the  car  runs  at  it.s  highest  siHtxl. 

'lliere  are  slight  variations  from  this  program,  depending  some- 
what on  the  service  the  motors  are  called  upon  to  perform.     But 
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these  details  of  the  subject  of  railway  working  are  given  special  dis- 
cussion in  a  separate  paper. 

Automobile  Motors.  These  are  series-wound,  usually  for  opera- 
tion at  40  to  80  volts,  requiring  20  to  40  cells  of  battery  respectively. 
A  ball-bearing  vehicle  motor  is  shown  in  Fig.  35.  The  requirements 
for  such  motors  are  slow  speed,  light  weight,  high  torque,  complete 
mechanical  protection,  liberal  overload  capacity,  and  as  good  an 
efficiency  as  can  be  secured  consistently  with  the  above  requirements. 
When  two  motors  are  used  on  the  same  vehicle,  the  controller  may 
first  connect  the  motors  in  series,  and  the  halves  of  the  battery  in 
parallel,  other  changes  following  until  the  motors  are  in  parallel 
across  the  full  battery  voltage,  v^dth  weakened  fields.  No  rheostat 
is  necessary,  as  the  voltages  are  low,  and  the  total  power  delivered 
usually  small. 

COMPOUND  MOTORS 

A  reversed  compound  dynamo  becomes  a  differential  motor. 
Fig.  36  represents  a  compound   dynamo  D  supplying  current  to  a 

similar  machine 
M  used  as  a  mo- 
tor. It  is  clear 
that  the  current 
through  the  series 
coil  of  the  motor 
is  reversed;  and 
therefore  opposes 
the  magnetizing 
effect  of  the  shunt  current,  so  that  the  field  is  weaker  than  if 
the  shunt  were  used  alone.  Furthermore,  the  motor  field  is  pro- 
gressively weakened  as  the  armature  current  increases,  and  this 
tends  to  increase  the  speed;  while  the  speed  of  a  plain  shunt  motor 
under  like  conditions  would  decrease.  Hence,  by  suitably  designing 
the  series  winding,  it  is  possible  to  obtain  a  motor  whose  speed  through- 
out its  whole  range  of  load  varies  very  little.  This  advantage  was 
early  recognized;  but  at  the  time  the  speed  of  ordinary  shunt  motors 
was  sufficiently  constant  for  most  purposes,  and  the  differential  com- 
pound motor  made  little  headway.  For  some  purposes,  however, 
particularly  in  the  operation  of  textile  machinery,  it  is  very  necessary 
to  have  the  speed  as  uniform  as  it  can  be  made;  and  the  differential 


Pig.  86.    Compound  Dynamo  Driving  Compound  Motor. 
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motor,  after  a  period  of  comparative  retirement,  has  now  a  wide  field 
of  usefulness. 

If  the  current  through  the  field  is  reversed,  so  that  it  assists  the 
shunt  winding  instead  of  opposing  it,  the  machine  is  called  a  cumula- 
tive compound  motor,  and  partakes  to  a  certain  extent  of  the  properties 
of  both  the  shunt  and  series  tjpes,  the  shunt  pre<lorainating.  These  ma- 
chines are  used  for  elevator  and  other  st>r%'ice  where  a  powerful  starting 
torque  is  retjuired,  together  with  the  general  characteristics  of  the  shunt 
motor.  Sometimes  the  series  field  is  cut  out  after  the  armature  attains 
full  speed,  in  which  case  the  strong  starting  tonjue  of  the  series  motor 
is  combinetl  with  the  constant-speed  property  of  the  shunt  motor. 

A  compound  dynamo  v\nth  a  very  strong  series  field  will  not  usually 
run  safely  as  a  differential  motor,  for  an  overload  might  reduce  the  field 
so  much  that  with  theweakeneil  tonjue  the  armature  mightstopentirely. 

Variable-Speed  Compound  Motors.  The  success  attending  the 
the  use  of  the  commuiating  pole 
in  generators,  has  led  to  the  adop- 
tion of  the  same  principle  for 
motors  designed  for  wide  ranges 
of  speed.  The  commutating  pole 
is  a  small  additional  pole,  place<l 
midway  between  adjacent  field- 
poles,  and  wound  with  a  few  turns 
of  the  series  winding.  Its  func- 
tion is  to  provide  the  necessary 
commutating  field  for  the  coil 
under  the  brushes,  independently  fik.  n.  mterpoie  Motor. 

-     ,        „   ,1       -     1  •  1  Electro-Dj-namlc  Company,  Bayonne.  N.  J. 

of  the  field  of  the  mam  poles. 

Thus  satisfactory  commutation  not  only  can  l>e  obtained  with 
the  brushes  in  a  fixed  position,  but  practically  is  etjually  good  at 
all  loads,  since  the  strength  of  the  pole,  and  hence  of  the  commutating 
field,  is  proportional  to  the  armature  current,  and  this  is  exactly  what 
is  wanted  for  good  commutation.  Applitnl  to  motors — since  com- 
mutation is  practically  indef)endent  of  tlie  main  field — the  use  of  the 
commutating  pole  allows  the  main  field  to  be  weakened  much  more 
than  with  the  ordinary  construction,  and  hence  a  much  wider  range 
of  speeds  is  obtainable  without  sparking.  Fig.  37  shows  a  motor 
of  this  type  giving  a  speed  range  of  4  to  1,  entirely  by  field  control. 
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*       MULTI-VOLTAGE  SYSTEMS 

When  a  generator  is  to  supply  only  one  motor,  the  line  E.M.F. 
can  be  varied  at  pleasure  by  varying  the  generator  E.M.F.,  having 
the  generator  field  rheostat  at  the  motor.     This  method  gives  any 

desired  motor  speed  within  a  very 
wide  range,  but  is  obviously  lim- 
ited to  a  few  special  cases.  The 
so-called  teaser  systems  are  in 
effect  modifications  of  this  prin- 
ciple; the  E.M.F.  of  small  motor- 
driven  generators  is  added  to  that 
of  the  main  line  or  subtracted 
from  it.  This  particular  modifi- 
cation of  the  variable  line- voltage 
principle  is  useful  for  operating 
large   printing   presses   or  other 
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H.  Ward  Leonard  Multi- Voltage 
System,  1892. 


machinery  which  must  run  very  slowly  at  times  under  absolute  con- 
trol, as  well  as  at  various  operating  speeds. 

The  electric  automobile  affords  an  example  of  speed-control 
by  varying  line  voltage.  The  batteries  of  the  vehicle  are  in  two  sets, 
which  are  connected  in  parallel  at  starting,  and  then  shifted  to  series 
connection  at  the  higher  speeds. 

The  familiar  Edison  three- 
wire  system  affords  another  illus- 
tration. In  this  case  the  fields  of 
a  220-volt  motor  would  be  sup- 
plied from  the  outside  wires,  and 
the  armature  at  either  110  or  220 
volts,  giving  two  speeds  without 
the  use  of  resistances. 

By  making  the  two  sides  of 
the  system  unequal  in  voltage,  three  voltages  are  obtained.  In  such 
a  case,  the  lighting  system  of  tht  shop,  the  cranes,  and  constant- 
speed  motors  are  operated  on  the  outside  wires.  A  system  of  this 
kind  was  first  brought  out  by  Mr.  H.  Ward  Leonard  in  1892,  using 
three  generators  in  series  and  a  four-wire  system,  obtaining  the  six 
voltages  shown  in  P'ig.  38. 

The  Bullock  Electric  Company  employs  a  three-wire  system 


Fig.  39.    Connections  of  Balancer  Set. 
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with  90  and  160  volts,  and  a  four-wire  system  with  60,  80,  and  1 10 
volts,  with  outside  voltages  of  250  in  both  cases.  The  Crocker- 
WTieeler  Company  use  a  four-wire  system  with  40,  120,  and  80  volts, 
giving  240  volts  on  the  outside  wires.  \Miatever  voltages  may  be 
used,  it  is  well  to  have  at  least  one  of  tlie  voltages  standard — that  is, 
110  to  125  volts,  or  220  to  250  volts,  because  these  are  standard  vol- 
tages for  lamps  and  motors. 

In  practice  it  is  found  that  the  intermediate  wires  carry  only  a 
small  proportion  of  the  total  load,  usually  not  over  10  per  cent.  This 
has  led  to  the  use  of  a  single  large  generator  and  balancers,  which  are 


Fit;-  ^(-'     Thrto-Wlrc  Balancers  for  Bullock  Multiple- Voltage  System. 
Allis-Cbalmen  Company,  Milwaukee,  Wis. 

simply  smaller  shunt  or  compound  dynamas  with  their  armatures 
coupled  together  and  eli«ctrically  connected  in  series  acn)ss  the  out- 
side wires.  The  general  arrangement  is  shown  in  Fig.  39,  and  Fig. 
40  illustrates  a  Bullock  three-wire  balancer  set. 

The  action  of  the  balancer  is  complex,  and  a  full  explanation 
is  not  desirable  here.  In  general  terms,  however,  it  may  Ix*  statinl 
that  when  there  is  no  current  in  the  middle  wire  of  a  tliree-wire 
system  the  current  through  the  Iwlancer  armatures  b  only  enough 
to  supply  the  runnl.ig  losses;  but  when  current  is  drawn  from  eitlier 
side  of  the  system,  the  balancer  on  the  other  side  will  act  as  a  motor, 
driving  its  companion  sls  a  generator  to  help  furnish  the  required 


Fig.  41.    Current  through  Balancer  Set. 
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r)ower.  This  is  illustrated  in  Fig.  41,  where  one  outer  wire  carries 
100  amperes,  the  middle  wire  20  amperes,  and  the  other  outer  wire 
80  amperes.  If  the  balancers  are  equal,  and  there  are  no  losses,  the 
20  amperes  divide  equally  between  the  armatures,  10  amperes  flow- 
ing downward  through  one  as  a  motor  to  the  negative  main,  the  arma- 
ture then  acting  as  a  motor  driving  the  other  machine  as  a  generator 
and  helping  it  to  force  the  remaining  10  amperes  up  into  the  positive 
main  again.     Supposing  the  voltage  of  the  main  generator  to  be 

200  volts,  its  output  would  be  90 
amperes  at  200  volts,  or  18,000 
watts.  The  load  on  the  line  is 
80  amperes  at  200  volts,  and  20 
amperes  at  100  volts  —  18,000 
watts,  as  before. 

Of  course  there  are  always 
losses  in  the  balancer  armatures, 
so  that  in  the  arrangement  shown 
the  current  through  the  arma- 
ture acting  as  a  motor  is  always 
greater  than  the  current  through  the  armature  acting  as  a  dynamo. 

EXAMPLE  FOR  PRACTICE 

If  13  amperes,  instead  of  10,  flow  through  the  balancer  motor 
armature  in  the  above  example,  what  is  the  output  of  the  main  gen- 
erator, and  what  power  is  delivered  to  the  line? 

Ans.     18,600  watts  from  the  generator. 
18,000  watts  on  the  line. 

This  would  represent  600  watts  loss  in  the  balancers,  which  is,  however, 
much  less  tlian  would  be  required  to  operate  the  second  generator  of  an  ordi- 
nary three-wire  system. 

The  size  of  the  balancers  is  determined  by  the  maximum  un- 
balanced load.  On  a  three-wire  system  it  should  be  large  enough 
to  operate  the  largest  individual  motor  running  alone  on  either  vol- 
tage. For  example,  suppose  we  have  a  three-wire,  125-  to  250- volt 
system.  If  a  motor  connected  to  it  can  develop  50  horse-power  at  the 
full  voltage  250,  it  can  develop  25  horse-power  when  operated  on 
one  side  at  125  volts.  This  will  require  two  balancers  of  12^  horse- 
power each,  since  there  are  two  machines  to  take  care  of  the  unbal- 
anced current.     In  other  words,  the  balancers  should  have  25  per 


294 


DIRECT-CURRENT  MOTORS 


51 


cent  of  the  capacity  of  the  largest  motor,  rated  at  its  highest  voltage; 
and  this,  of  course,  means  that  the  balancers  may  \ye  relatively  small 
machines. 

Motors  operated  on  this  system  have  their  fields  cxcite<l  from  some 
one  of  tlie  circuits,  usuallv  the  one  of  highest  voltage.     The  arma- 


Plg.  4S.    ControlI«ra  Uaed  with  Bollock  Multiple- Voltat;e  Sysum. 
AUls-Cbalnien  Company,  Milwaukee.  Wis. 

tares  are  connected  to  either  line  voltage  as  desired,  and  resistances 
are  introduced  to  prevent  too  sudden  changes  of  current  at  the  tran.si- 
tion  j>oints;  additional  speed  variations  are  provided  by  weakening 
the  motor  fields.  All  the.se  connections  are  made  u|)on  controllers 
of  the  cylindrical  type,  of  which  Fig.  42  is  a  good  example.  It  rep- 
resents 2()-horse-power  and  40-horse-power  Bullock  controllers  with- 
out their  covers;  the  larger  siaie  gives  12  running  speeds  forward,  and 
9  reverse. 
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MECHANICAL  POINTS  OF   MOTOR  DESIGN 

Motors  need  ample  protection  for  the  commutator  and  brush 
gear.  This  protection  is  well  shown  in  the  adjustable-speed  motor 
illustrated  in  Fig.  43.  This  type  of  motor  is  also  designed  to  run 
with  the  shaft  vertical,  in  which  case  the  lower  bearing  runs  sub- 
merged in  oil,  and  the  upper  bearing  is  made  of  anti-friction  metal, 
running  without  attention.  Motor  end-frames  or  hells  should  be 
made  so  that  they  can  be  turned  through  90°  or  180°,  to  enable  the 

machine  to 
work  with  the 
oil  wells  in  the 
proper  posi- 
tion when 
mounted  on  a 
wall  orceiling. 
If  the  motor 
must  work  in 
a  very  dusty 
or  dirty  place, 
the  ends  may 
be  protected 
with     wire 


rig.592A. 


Fig.  43.    Adjustable-Speed  Motor. 
Crocker- Wheeler  Company,  Ampere,  N.  J. 


gauze  covers, 
or  even  tightly 
enclosed  with 
solid  plates. 
In  such  cases, 

however,  the  machine  has  much  more  difficulty  in  dissipating  heat; 
and  for  the  same  rise  of  temperature,  the  rating  of  an  enclosed  (and 
therefore  unventilated)  motor  is  not  usually  more  than  about  half  as 
much  as  if  it  were  well  ventilated.  Fig.  44  shows  one  form  of  an 
enclosed  motor.  Sometimes  the  frames  of  enclosed  motors  are 
cast  with  projecting  external  ribs,  to  increase  the  cooling  surface. 

To  obtain  very  low  speeds  without  using  a  motor  of  dispro- 
portionately large  size  for  its  output,  back-gearing  is  often  used. 
Figs  45  and  4G  give  two  views  of  a  back-geared  motor.  To  diminish 
wear  and  noise,  such  gears  are  often  enclosed  in  cases  and  run  in 
grease,  like  the  gears  of  a  railway  motor. 
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Motors  of  large  output — which,  as  a  rule,  arc  inst^illed  in  more 
favorable  surrouiulings  and  receive  more  careful  handling  than  small 
motors  driving  individual 
machines — do  not  need 
special  mechanical  design. 
They  are  therefore  built 
along  the  line  of  generators; 
and  to  a  great  extent  the 
same  parts  are  used  for  lM)tli. 

ELECTRICAL   POINTS  OF 
MOTOR  DESIGN 


Fig.  44.    Enclosed  Type  R  Motor. 

Wpstingbouse  Electric  &  Manuracturing  Company, 

PllUiburK.  I'a. 


Since  the  motor  is  elec- 
trically   identical    with    the 
dynamo,    it    is     necessary 
merely  to  design  a  dynamo  which  will  deliver  the  rated  current  at 
tlie  given  sf)eed  and  the  counfcr-K.M.F.  of  the  motor,    A  single  illus- 


Flg.  45.  Fig.  4«. 

Two  views  of  Type  K  Motor  with  Back-Gears. 
Wesiingtaoutte  Electric  &  Mknufacturing  Company.  Plttsbtirg.  Pa. 

tration  will  suffice.  Suppose  it  is  desired  to  design  a  230-volt  motor 
to  deliver  10  horse-power  at  a  speed  of  825  revolutions  per  minute. 
The  efficiency  of  such  a  machine  should  be  about  85  per  cent;  so 
that  the  current  re<juired  would  be: 


297 


54  DIRECT-CURRENT  MOTORS 


'  _-- watts  -h  230  volts  =  38.1  amperes. 
O.oo 

To  allow  for  any  error  in  estimating  the  assumed  efficiency,  let  us 
say,  in  round  numbers,  that  a  current  of  40  amperes  would  be  re- 
quired. The  resistance  of  the  armature  of  a  machine  of  this  size  and 
voltage  will  be  about  0.3  ohm.  Then,  from  the  fundamental  motor 
equation,  the  counter-E.M.F.  can  be  calculated: 

R  "  0.3       ' 

whence, 

e  =  218  volts. 

That  is,  a  dynamo  should  be  designed  whose  output  at  825  revolutions 
per  minute  will  be  40  amperes  at  218  volts,  and  whose  armature  re- 
sistance is  0.3  ohm.  Its  field  windings  should  be  calculated  for 
excitation  at  230  volts. 

For  supplementary  reading  on  the  subject  of  the  Electric  Motor,  the 
reader  is  referred  to  the  following  works:  Dynamo- Electric  Machinery,  by  F.  B. 
Crocker,  and  Electric  Railways,  by  J.  R.  Cravath  (  published  by  the  American 
School  of  Correspondence,  Chicago,  111.);  Electric  Motors,  by  Henry  M.  Hobart 
(published  by  Whittaker  &  Co.,  London  and  New  York,  1904);  and  a  series 
of  articles  entitled  "Direct-Current  Motors:  Their  Action  and  Control,"  by 
F.  B.  Crocker  and  M.  Arendt,  published  in  the  Electrical  World  in  1907  and 
1908. 
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ELECTRIC  MOTORS  IN  MACHINE-SHOP  SERVICE.* 


I  intend  to  consider  the  subject  "electric  motors  in  machine- 
shop  service"  from  the  standpoint  of  the  shop  engineer,  whose  one 
thought  is  economy  in  the  broadest  sense  of  the  word.  To  such  a 
man,  the  motor  is  but  a  single  detail  of  the  equipment — possibly 
one  of  the  most  important  details,  but  only  so  when  its  relation  to 
the  problem  as  a  whole,  is  understood.  The  development  of  alloy 
steels,  permitting  of  cutting  speeds  from  two  to  four  times  as  great 
as  was  heretofore  possible,  requiring,  in  many  instances,  machines 
of  new  design;  the  introduction  of  the  grinding  machine,  which  is 
rapidly  replacing  the  lathe  for  much  finishing  work;  the  milling 
machine;  the  electric  motor  as  a  means  of  driving;  and  t^'pes  of 
management  to  assure  efficient  use  of  equipment,  are  among  the 
most  important  factors  requiring  his  attention. 

The  manufacturers  of  electrical  apparatus  too  often  defeat  their 
own  ends  by  overenthusiasm,  or  rather,  by  extravagant  claims  that 
they  cannot  possibly  substantiate.  There  is  no  use  trying  to  con- 
vince the  shop  engineer  that  the  w^ords  "  motive  drive"  are  synony- 
mous with  "  low  cost,"  for  he  knows  that  efticiency  attained  depends 
upon  the  co-operation  of  a  multitude  of  things,  and  primarily  the 
intelligence  with  which  the  equipment  is  handled.  If,  however, 
the  possibilities  of  the  motor  drive  are  properly  presented,  he  can 
appreciate  them  better  than  any  one  else,  for  they  fill  a  definite 
need,  the  importance  of  which  he  will  understand. 

It  is  not  necessary  to  dwell  upon  substantial  progress  recently 
made  in  shop  practice,  which  has  resulted,  in  many  instances,  in 
greatly  increased  output  with  consequent  reduction  in  cost.  I  shall 
consider  rather  what  is  needed  to  increase  efficiency  in  the  average 
shop,  where  it  is  still  extremely  low,  for  even  when  adequate  funds 
are  provided  for  the  purchase  of  new  equipment,  the  end  in  view 
is  often  defeated  through  lack  of  proper  insight  in  connection  with 
its  purchases,  installation,  and  use. 

At  the  same  time  electiical  manufacturers  have  not  made  the 
progress  that  would  have  been  the  case   had  they  possessed  a 

*  This  paper  was  presented  before  (be  International  Electrical  Congress  of  St.  Lools, 
lOM.  by  Charles  Day  of  the  Orm  of  Dodge  ft  Day.  Engineers.  PhUadelpbia.  Pa- :  and  U 
reprinted  by  special  permission. 
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thorough  understanding  of  shop  requirements.  Our  experience 
has  been  confined  largely  to  the  installation  and  operation  of  elec- 
trical equipment  under  working  conditions,  therefore  I  shall  treat 
the  subject  from  this  side,  with  the  hope  that  I  may  bring  more 
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clearly  before  the  manufacturers  the  conditions  they  must  meet, 
and  at  the  same  time  aid  the  customer  in  specifying  his  require- 
ments and  securing  results. 

Generally  speaking,  the  electric  motor  (either  for  group  driving 
or  individual  operation  of  machines)  is  conceded  as  the  proper 


300 


MOTORS  IN  MACHINE  SHOPS 


means  of  |)Ower  distribution.     My  j»per  will  deal  with  the  subject 
under  the  following  headings: 

(1)  baop  Requlremeutti. 

(2)  Notes  Concerning  Motor-Drive  Systeius. 

(8)  Notes  Concerning  Different  Makes  of  Apparatus. 
(4)  General  Conclusions. 

(I)  SHOP  REQUIREHENTS.' 

My  paper  will  only  permit  of  a  general  outline  of  shop  con- 
siderations lH*aring  on  the  subject;  these  are  illustrated  in  Fig.  1. 
Each  factor  must  be  carefully  considered  and,  when  treating  the 
subject  generally,  certain  assumptions  made.  For  example,  we  are 
justified  in  assuming  that  the  best  tool  steel  should  be  used  and 
design  accordingly,  while  crane  service  and  type  of  workmen  are, 
on  the  other  hand,  matters  depending  on  class  of  work  handled 
and  local  conditions. 

An  intimate  knowledge  of  shop  practice  is  quite  as  necessary 
to  the  designer  of  electrical  apparatus  for  machine  driving  as  to 
the  builder  of  the  machine,  and,  while  frequently  difficult  to  show 
the  direct  bearing  of  the  various  features  of  management  and 
methods  upon  a  single  factor,  such  as  the  one  under  consideration, 
the  most  useful  conclusions  can  be  drawn  only  by  those  familiar 
with  the  subject  in  detail.  Improved  systems  of  management  are 
doing  much  to  assure  proper  use  of  equipment,  but  in  any  event 
the  need  of  explanation  in  connection  with  its  operation  should  be 
eliminated  to  as  great  a  degree  as  is  possible.  In  other  words,  ap- 
paratus should  primarily  be  designed  to  give  satisfactory  results  in 
the  hands  of  average  workers.  Where  its  adjustment  and  manip- 
ulation is  dependent  upon  the  operator,  he  must  be  fully  considered 

1.  The  wortls  "  machine"  and  *'  tool,"  as  useti  in  connection  with 
machine-shop  work,  are  very  fre<|uently  ambiguous.  I  will  use  them  in 
the  following  sense :  3/acAin«.— Definition  (Standard  Dictionary).  Any 
combination  of  inanimate  mechanism  for  utilizing  or  applying  power.  A 
construction  for  mechanical  prinluction  or  moditlcatiun.  Example- 
Lathes,  pneumatic  drills,  power  shears,  etc.  Machine  Too/.— This  term  is 
often  confusing  and  nee<l  not  be  used  in  present  paper.  Too/.— Definition 
(Standard  Dictionary*).  A  hand  in$trument.  Not  a  mechanism.  Used 
directly  for  production.    Examples. — Chisel,  hammer,  saw,  etc. 

Tools  for  removing  metals  will  be  further  subdivided  as  follows : 
Cutters,  millers,  drills,  etc. 
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in  the  design,  l)ut  when  attention  is  required  for  inspection  at  inter- 
vals only,  t\ui  personal  equation  does  not  enter  into  the  prol)leni  to  as 
great  an  extent.     Lathe  and  elevator  drives  illustrate  the  two  cases. 

If  cuts  are  of  long  duration,  the  cutting  speed  can  readily  be 
determined  by  experiment,  but  this  is  not  practical  in  the  run  of 
machine-shop  work.  The  determination  of  cutting  speed  for  mis- 
cellaneous work  is  a  difficult  matter,  and  must  be  given  special 
study  in  each  case,  every  means  toward  uniformity  of  product  be- 
ing resorted  to. 

The  drive  is  but  a  detail  of  the  machine.  We  should  aim  at 
a  harmonious  whole,  not  combining  an  efficient  drive  with  an  out- 
of-date  tool.  The  motor-driven  tool  of  the  future  should  not  be 
considered  a  combination,  but  a  ^mit  suited  to  certain  specific  ends. 
The  motor-drive  problem  is  essentially  a  matter  for  the  machine 

/I)  MANUFACTURINO  ^SEWINO  MACHINES. 

/        ESTABLISHMEMTS'^""^^  ""IMltl^o 
/  ^CA3M  REOISTERS. 

,   .  /    _{e)   HEAVY  MACHINE         ^TEAM  EN6INE8. 

Jw)  BROM)  ctAsancxriON      Z^  ^^  /heavy  machinery. 

(RELATIVE  TO  KINO  Of  WOBK.)\  (eOT  A  OIVEN  UNE)  \u«6E  60N8. 

\9)  eCNERAL  MACHINE^ REPAIR   8M0M. 
WOtIK  ^JOBBING  SHOPS. 

General  Machine  Shop  Classification. 
Fig.  2. 

builder  to  settle,  and  when  a  machine  is  purchased,  the  customer 
should  have  the  assurance  that  the  drive  has  been  given  the  same 
care  in  design  and  construction  as  any  other  part  of  the  machine, 
and  need  not  he  considered  as  a  distinct  issue. 

Machine  shops  may  be  broadly  classified  according  to  char- 
acter of  output  as  follows: 

Shops  of  the  first  class  can  be  laid  out  in  every  detail  with 
regard  to  a  definite  need.  Machines  are  purchased  to  do  just  one 
job,  and  frequently  it  pays  to  design  special  machinery  for  such 
duty.  After  it  is  properly  adjusted  for  the  character  of  material 
to  be  worked  and  for  the  cutters,  no  changes  are  required  until 
better  methods  or  facilities  are  developed.  Here,  as  far  as  the 
drive  is  concerned,  we  find  the  simplest  conditions.  Usually  con- 
stant speed  with  adequate  power  suits  the  case. 

In  shops  classified  under  the  second  heading,  little  opportu- 
nity for  duplication,  in  the  sense  just  considered,  exists.    Machines 
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must  handle  a  variety  of  work,  and  even  those  purchased  for 
specific  ojKJrationa  are  usually  suited  for  other  purposes  so  they 
may  be  kept  busy  the  greater  jArt  of  the  time.  Variation  in  size 
of  work,  material  and  cutters,  demands  an  adjustable  speed  drive 

<(  i)  srtAor  uvvo  -  cxnmjst  fam  -  (down  ofu^  systcm) 
(2)    fLOCTOATiN*  LOAD  -  FULL  AVTOMXTtC  lATHC 
(3)    HCAVY  MOMCNTAIIY  IOMH  -  PVMCH 

Character  of  Load  for  Constaat  Speed  Drive. 
Fig.  3. 

together  with  change  feeds,  if  most  economical  results  are  desired. 
This  is  true  to  a  still  greater  degree  for  machines  in  the  third  class. 
The  drive  requirements   from  a  consideration  of  work  to  be 
performed  can  be  further  analyzed  as  shown  below: 

^(l)   CONSTANT  H.P.    -  NACMIMCS  MMKIMtt 
UMOCR  3KCIAL  COMOITIOMS. 

(2)   M.P.     IMONEAae  WITH    IMOICAX  Of   R.P.M. 
(X)   THNOUGM  aCAU<^  POSITIVE  PMtSSUNE  BLOWeR,    LAROC  LATHIS 

AMD  BORINB  MILLS. 


jf\t 


(A)   riXCD  3PCC0  /  ^^   •<•''•    OCCTCAStS  WITH    INCRCASC  OF  R.P.W. 

C/VMM.C  or      C  Clin-AIN  DRILL  PMSSeS  AMD  LATHES. 


\ 


ADJUST  MCNT. 

\^  ^-*'^'^   STEADY  -   fOSmvE  FRCSauRC  OLOWPS. 

^C)  AT  AMY  P0lirT^^»(2)    FLUCTUATIIW  -   ENOINC  LAHCS. 

^'■*^(3)    HEAVY  WMCITTAPV  LOAO  -   PLAMCA. 

Character  of  Load  for  Adjastable  Speed  Drive. 
Fig.  4. 

Figs.  3  and  4  relate  to  character  of  load.  Figs.  5  and  0  are 
a  further  analysis  of  adjustable  speed  drive,  for  machines  using 
cutters,  giving  details  that  should  determine  range  and  number  of 
speeds. 

Adjustable  speed'  may  be  desirable  on  grinding  machines  also, 
and  in  this  case  will  de{)end  on  ratio  of  maximum  to  mic'*num 
wheel  diameters  and  other  matters  that  must  be  considered  se|)a- 
rately  in  individual  cases. 

2.  The  words  "  variable  speed  "  are  now  generally  used  for  describ- 
ing motors  adapted  for  individual  operation  of  machines,  but  to  distin- 
guish from  the  crane  motor,  for  example,  which  is  truly  the  variable-speed 
type,  I  shall  use  the  words  "  adjUHtable  spee^l  "  as  describing  a  fixed  speed 
capable  of  adjUHtment  over  a  given  range.  Varialile-Hpee<i  motnrH  are  uned 
principally  for  railway  and  crane  service  where  the  load  is  intermittent 
and  ton|ue  variable.  Direct-current  apparatus  has  l>een  develoi>e<l  to  give 
such  thoroughly  satisfactory  results  for  this  duty  that  I  shall  not  consider 
it  other  than  in  its  relation  to  the  general  machine-shop  problem. 
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Machines  for  punching  and  shearing,  while  usually  arranged 
for  constant  speed,  frequently  require  an  adjustable- speed  drive. 
For  example,  assume  a  punch  operating  at  28  strokes  per  minute. 
The  operator  may  have  work  of  snch  a  character  that  he  can  easily 
punch  a  hole  each  stroke,  while  in  another  case,  due  to  heavier 
sheets  or  greater  accuracy  required,  he  is  compelled  to  skip  every 
other  stroke,  punching  but  14  holes  a  minute,  while  if  the  machine 

[0    IF  WORK  ROTATES  -  RATIO    OF  MAXIMUH 
TO  MINIMUM   DIAMETERS  OF  WORK. 

^(2)    IP   CUTTERS  ROTATE  -  RATIO    OF  MAXIMUM 
TO  MINIMUM  DIAMETERS  OF  CUHEIW. 
(R)  RANGE    IN/f 

SPEED.       V'-^CS)   RATIO   OF  HARDEST  TO  SOFTEST 
MATERIALS  WORKED. 

*(4)   KIND  OF  OPERATIONS  -  WHETHER  CUTTING. 
FILING   OR  POLISHING. 

Factors  That  Influence  Range  of  Speed. 
Fig.  5. 

would  permit  he  jould  readily  do  28.  Such  a  saving  on  this  class 
of  machinery  usually  yields  a  large  actual  return  as  the  time 
required  for  setting  up  or  making  ready  is,  as  a  rule,  small. 

The  amount  of  horse-power  required  for  machines  of  different 
types  depends  on  the  factors  given  in  Fig.  7. 

I  have  given  the  principal  items  to  consider  when  designing 
or  selecting  machine  drives,  but  to  more  fully  explain  the  line  of 

^(0  UNIFORMITY  OF  MATERIAL  WORKED. 

X*(2)  UNIFORMITY  OF  CUTTERS. 

(N)  NUMBER  OF  ^--*(3)  NUMBER  OF  FEEDS  PROVIDED. 

^W  FACILITIES  ENABLING  WORKMAN 
TO  DETERMINE  PROPER  SPEED. 

Factors  That  Influence  Number  of  Speeds. 
Fig.  6. 

reasoning  that  should  be  followed,  I  shall  assume  definite  condi- 
tions, and  consider  the  equipment  needed  to  fulfill  them. 

EXAMPLE. 

LATHE for  general  work  in  shop  of  A. . 

B. .     Company,  manufacturer  of  air  compressors. 

General  features  of  this  plant  and  its  organization  that  influ- 
ence type  of  drive  (see  Fig.  1). 

E.B . — 1.  The  machine  under  consideration  is  to  run  in  an  old  plant, 
hence  no  saving  in  cost  of  buildings  could  be  effected  by  type  of  drive. 


306 


MOTORS  IN  MACHINE  SHOPS 


E.  B. — 2.  The  natural  light  at  point  where  lathe  is  to  be  located  \» 
very  poor,  and  it  is  ini])ortaut  nut  to  obstruct  it  any  more  than  absolutely 
neceaaary. 

E.  B. — 3.  Artitk-ial  liglit  has  in  the  past  been  supplied  by  independ- 
ent company,  but  they  desire  to  install  a  i)ower  plant  that  will  take  care  of 
this  feature  as  well  as  ]>ower.  It  is  desirable  to  depend  largely  upon  gen- 
eral illumination  by  arc  lamps  with  incandescent  lights  for  detail  work. 

E.  S.—1-2,  and  E.  T.—l.  For  roughing  work  the  best  alloy  steels, 
forget],  treated,  and  maintained  by  special  department,  assuring  uniform- 
ity and  high  efllciency,  will  be  useil. 

E.  L. — 1,2,3,4.  Character  of  work  necessitates  constant  use  of 
power  crane,  making  overhead  belting  and  iixtures  objectionable  and  dif- 
Mcult  to  provide  for  on  account  of  location  in  main  bay  of  shop.  As  cost 
of  power  in  this  plant  amounts  to  less  than  3  per  cent  of  total  cost  of  prod- 
uct, it  is  not  a  determining  factor  in  character  of  drive. 


(H)  F/crORS  eOVERNING 
HORSC-fOKR 

•vqumco  by 


K)  HACHINCS 

usiNe  curr 


(6)  GMIN0IN6 


(P)   PUNCHING 

AMD  SMCAMNO 

NACHINU 


( 1 )  CHAMcren  or  vorkco  MATcniAL. 

(2)  curr  MO  sptco. 

(3)  OePTH  AND  FEED  OF  CUT. 
.4)   3HAK  or  CUTTCT. 
(5)   miCTION  USAO. 

(1)  CMARACTCN  OF  «(MKED  MATERIAL. 

(2)  CNAIUCTCn  OF  CniNOINtt  IMreRIAl.. 

(3)  CONDITIONS  AT  GNINOMO   CONTACT. 
4)    FECO  ANO  COTTINe    SPCEO. 

(S)    FRICTION  LOAD. 

(  I )   CHMIACTDt  or  WOflKCO  MATCRIAI.. 

RATE  or  piMrri»j«  material. 

TOTAL  AREA  FXMtTEO. 

(4)  FRICTION  UW>. 


^  MACHINES  or  THIS  CLASS  DO  WORK   Or  SUCH 
(0)   IMCMINES   FOR^^      A   OlVtRSIFItO    CMARACTER,    DCPiNMNC  CM 
CMAMAINO  IHAPt     ^  '•'      "***  ^*"''*««-f  FACTORS,    TMAT    IT    IS 
OF  iMTERlAL.  >v         PRACTICALLY   IMPOSSIBLE  TO  TREAT   THEM 

>»  CmiER  T»««N   INOVIOUALLY. 

Factors  Governing  Horse-Power  Required  for  Diflerent  Types  of  Miuhin^f, 

Fig.  7. 

E.  M.—2.  The  type  of  management  being  introduced  at  this  plant 
should  ultimately  assure  intelligent  direction  of  work  and  proper  use  of 
e<iuipment. 

Referring  to  Fig.  2: 

We  And  that  this  shop  will  come  under  the  class  indicated  by  the 
symbol  W-2. 

Referring  to  Fig.  4: 

{A)—X—l—F—2.  Minority  of  work  (probably  80  per  cent)  will  be 
steel  and  gray  iron  castings  between  18  ins.  and  48  ins.  diameter.  Maxi- 
mum conditions  call  for  removal  of  same  amount  of  metal  l>etween  these 
limits,  and  appn>xiniately  constant  cutting  speed.  Maximum  horse- 
power re«|uirenient8  are  conse<iuently  constant  through  the  range,  but 
subject  to  fluctuations  at  any  one  point  below  the  said  maximum. 
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Keferring  to  Fig.  5: 

R—1.  At  times  it  will  be  necessary  to  machine  work  as  small  as  10 
ins.  diameter,  or  as  large  as  60  ins.  diameter;  consequently  a  range  in 
speed  of  5  : 1  would  be  required  for  this  purpose. 

R—2.    Cutters  will  always  be  stationary. 

R — 3.  The  ratio  of  hardest  to  softest  material  required  by  specifica- 
tion will  be  approximately  2: 1.  This  will  increase  the  necessary  speed 
range  to  10  : 1. 

R — i.  The  majority  of  work  will  be  roughing  and  finishing  with 
cutters.  Borne  filing  and  finishing  with  emery  cloth  will,  however,  be 
necessary,  and  for  this  purpose  experience  would  dictate  a  cutting  speed 
of  150  ft.  per  minute  on  10  ins.  diameter  It  will  be  necessary  to  provide 
a  cutting  speed  of  15  ft.  per  minute  on  the  largest  diameter  on  account  of 
the  frail  character  and  difficulty  of  driving  some  of  the  castings  to  be  ma- 
chined. Total  range  of  speed  is  determined  by  limiting  conditions  of  a 
cutting  speed  of  15  ft.  per  minute  on  60-in,  work  and  150  ft.  per  minute  on 
10- in.  work.  I  have  purposely  chosen  these  extreme  conditions  to  better 
illustrate  my  point.  In  practice  a  60-in.  lathe  is  seldom  required  to  run 
at  57  r.p.m. 

150 
10  X  8.14  =  57.3    r.p.m. 
12 

15 


60  X  3.14  =      .96  r.p.m. 
12 

Consequently,  for  all  practical  purposes,  the  face  plate  of  the  lathe 
should  run  from  one  revolution  per  minute  to  57  revolutions  per  nainute. 

Referring  to  Fig.  6: 

N—1.  It  was  stated  above  that  the  character  of  material  would  vary 
in  the  proportion  of  2  : 1,  this  being  a  requirement  of  the  products  manu- 
factured. Uniformity  of  material,  or  how  nearly  the  requirements  can  be 
attained  under  shop  conditions,  is  one  of  the  factors  influencing  the  num- 
ber of  face-plate  speeds. 

A  fully-equipped  laboratory,  under  the  direction  of  an  able  chemist, 
who  has  entire  charge  of  the  cupolas  and  Bessemer  steel  converters,  as- 
sures a  much  more  uniform  product  in  the  plant  in  question  than  is 
usually  the  case.  A  great  deal  of  experiment  and  investigation  will  be 
necessary  however,  before  we  can  make  definite  assertions  in  this  direc- 
tion, but  castings  from  the  same  pattern  should  not  vary  more  than  20 
per  cent. 

N—2.  Cutter  of  the  character  indicated  above  (E.8.— 1)  should  not 
vary  in  efficiency  more  than  10  per  cent. 

N—3.  The  full  consideration  of  this  point  involves  an  understand- 
ing of  the  laws  governing  speed,  feed,  and  cut  for  various  materials.  It 
will  not  be  practical  to  include  here  full  data  on  this  detail.    Hundreds  of 
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tonHofHleel  nnd  i'hM  iron  have  l>een  cut  up  to  «leteriiiiiie  tliette  rt'lndoiis, 
uiul  coustHiit  ex|K.*riiiieiit  IH  iieit;H»«ar>'  to  keep  alireaut  of  rapid  itnprove- 
iiieiitH.  I  will  only  nay  that  it  in  (|uite  a8  neceM«ar>'  to  provide  an  adC' 
•luate  nuiiiher  of  feetlH  aM  it  Ih  Hpindle-ttpeeils,  and  iu  fact  a  limited  num- 
ber of  either  one  of  tliene  factors  will  give  efHcieut  results  provided  a  very 
close  regulation  can  be  had  on  the  other. 

In  the  present  instance  it  was  not  considered  advisable  to  specify 
changes  to  the  standanl  feeding  uiechanisin,  as  this  feature  liad  been  well 
taken  care  of  by  the  builder. 

N — 4.  As  the  operation  of  tlie  machine  is  ultimately  governed  by 
the  facilities  at  the  disposal  of  the  machinist  who  runs  it,  it  is  absolutely 
essential  that  this  point  be  given  most  careful  study.  It  involves  prao 
tically  ever}'  feature  of  shop  system  and  management,  and  it  is  only  under 
Bucli  systenjs  as  that  developed  Ity  Mr.  Fred  W.  Taylor,  of  which  func- 
tional foremanMhip  is  but  a  single  detail,  tliat  the  conditions,  as  outlined 
al>ove,  can  l>e  ful tilled.  It  necessitates  tliat  the  operator  of  the  machine 
be  informeti  as  to  the  character  of  the  material,  etticiency  of  tlie  cutter, 
proper  cutting  speed  in  consideration  of  duration  of  cut,  and  many  other 
equally  important  factors. 

So  it  will  he  seen  that  we  cannot  arrive  at  any  data  which  would 
enable  us  to  specify  definitely  the  number  of  spindle-speeds  required.  Our 
conclusions  must  necessarily  be  based  principally  on  experience  in  shop 
practice,  and  for  this  reason  engineers  differ  widely  iu  their  views.  For 
the  example  under  consideration,  speeds  increasing  in  increments  of  15 
per  cent  are,  in  our  estimation,  quite  as  close  as  can  l>eused  to  advantage. 
It  is  well,  however,  to  err  on  the  safe  side,  providing  too  many  speeds 
rather  than  too  few. 

Referring  to  Fig.  7: 

H.  K. — 1,  2,  3,  4.  Maximum  permissible  cutting  speed  on  steel  cast- 
ings will  be  60  ft.  per  minute;  on  gray-iron  castings  60  ft.  per  minute  (de- 
tennined  by  actual  re^juirements  on  a  large  variety  of  work).  Maximum 
cut,  cast-steel,  %  in.  deep,  ^f  in.  feed;  gray-iron,  %  in.  deep,  T^i^i*  'c^d. 
(These  conditions  are  established  by  character  of  work.) 

The  exi)eriments  conducted  to  determine  the  laws  governing  speed, 
feed,  and  depth  of  cut,  for  various  materials  referred  to  above  (S—3)  have 
oeen  made  available  for  purposes  of  design  by  means  of  slide  rules,  based 
on  the  derived  empirical  formulu;. 

For  the  depth  of  cut  and  feed  under  consideration  (cast-steel),  the 
calculated  pressure  on  the  tool  would  be:  5,550,  or  horse-power  re<iuired= 
6550X60 
"88,000"  =  ^^'^  ^P- 

H.  A'.— 5.  The  friction  load  can  only  be  arrived  at  through  experience 
and  depends  not  only  on  the  machine,  but  character  and  method  of  driv- 
ing work.  Experimental  data  on  machines  quite  similar  to  the  one  under 
consideration  would  indicate  8  horse-power  through  the  entire  range  as 
sufficient  to  allow  for  this  purpose. 

These  conditions  are  plotted  in  Fig.  8.  It  will  be  noticed  that  the 
horse-power  falls  off  on  either  aide  of  the  working  part  of  the  scale. 
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While  It  is  easy  to  theorize  as  to  the  liorse-power  required  for  work  of 
various  diameters,  in  actual  practice  tlie  conditions  are  about  as  1  have 
shown.  It  must  be  borne  in  mind  that  the  machine  under  consideration 
should  be  primarily  adapted  for  the  majority  of  work  that  it  will  handle. 
We  have  assumed  that  80  per  cent  of  this  will  be  between  18  ins.  and  48 
ins.  In  diameter,  so  that  work  outside  of  these  limits  is  the  exception. 
On  small  work,  such  as  would  be  handled,  there  is  not  likely  to  be  oppor- 
tunity for  as  heavy  roughing  cuts,  and  castings  over  48  ins.  in  diameter 
cannot  be  swung  over  the  carriage,  nor  would  it  be"good  policy  to  aim  at 
high  efficiency  at  this  point  for  the  additional  cost  would  not  be  justified 
by  the  saving  effected  on  such  a  small  fraction  of  the  total  output. 

As  the  horse-power  between  the  working  limits  shown  above  was  fig- 
ured for  the  maxunum  cutting  speed  of  GO  ft.  per  minute,  we  can  plot  a  rela- 
tion between  revolutions  per  minute  and  horse-power.  (See  Fig.  9. )  The 
selection  of  electrical  equipment  for  this  lathe  will  be  taken  up  further  on. 
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The  analysis  of  conditions  presented  above  is,  as  was  stated, 
essentially  a  problem  for  the  machine  builder  to  work  out — in 
other  words,  the  electrical  companies  should  look  to  him  for  gen- 
eral specifications  covering  motors  and  controllers. 

When  equipping  machines  of  old  design  with  motor  drive,  or 
remodeling  them  to  better  their  efHciency,  each  one  should  be  con- 
sidered separately  with  regard  to  the  special  line  of  work  it 
handles.  As  manufacturing  becomes  more  specialized  it  will  be 
possible  for  the  builder  of  machines  to  design  with  more  intelli- 
gence, for  he  can  then  treat  a  type  as  we  have  treated  an  individual. 

To  Avoid  repetition,  I  will  assume  the  following  conclusions 
have  been  established. 

(1)  Machines  of  present  design  of  comparatively  small  work, 
requiring  constant-speed  drive  should,  in  most  instances,  be  gjrouped 
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and  operated  from  motor-driven  line  shafts.  Specifications  for 
new  machines  for  such  duty  should  be  made  with  a  view  to  special 
requirements.  Indirect  savings  in  one  plant  may  much  more  than 
offset  additional  cost  of  constant-speed  motor  on  each  machine, 
while  this  would  not  be  true  in  another. 

(2)  For  group  driving,  both  direct-  and  alternating-current 
motors  give  thoroughly  satisfactory  results.  In  either  instance,  if 
properly  installed,  re{)airs  should  not  be  an  important  feature.    In 
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Fig.  9. 

certain  industries — the  textile  mills  for  example — the  induction 
motor  has  decided  advantages  on  account  of  close-speed  regulation 
with  varying  loads  and  lessened  fire  risk,  but  for  machine  shops 
these  features  are  unimportant. 

(3)  Mechanical  means  of  speed  control,  including  step  cone 
pulley  and  variable-speed  countershafts,  while  suited  for  certain 
specific  cases,  do  not  meet  the  general  requirements  of  machine 
drive.  An  attempt  to  obtain  the  necessary  speeds  by  gearing,  for 
example,  is  not  only  costly  (if  a  sufficient  number  of  changes  are 
provided),  but  inefficient,  in  that  as  a  rule,  the  machinery  must  be 
8to{)ped  to  change  from  one  speed  to  another,  and  cannot  be  con- 
trolled  from  an  indej)endent  jwint. 

(4)  For  adjustable  8|x'ed  work,  direct-current  motors  only 
give  satisfactory  results  at  the  present  time.  It  is  not  practical 
by  this  means  to  use  a  range  greater  than  6  to  1,  while  in  the 
majority  of  cases  3  to  1  gives  the  most  economical  results.  In 
other  words,  in  most  instances,  it  is  necessary  to  resort  to  a  com- 
bination of  mechanical  and  electrical  control,  the  disadvantages  of 
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each  being  largely  eliminated  by  this  means.  For  example,  even 
where  machines  are  handling  a  very  general  line  of  work,  the 
greater  part  of  it  will  be  covered  by  a  range  of  3  to  1,  so  that  if 
this  amount  is  obtained  electrically,  gear  changes  will  be  seldom 
necessary,  and 'at  the  same  time  a  comparatively  inexpensive  motor 
required.  Consequently  the  lathe  requirements  specified  above 
are  of  quite  as  much  value  to  the  man  who  designs  the  mechanical 
features  of  the  machine  as  the  one  who  furnishes  the  electrical 
apparatus. 


56.7 


xSpeed  Notches 
Fig.  10. 

(5)  Long  transmission  lines  may  make  alternating-current 
desirable,  and,  for  certain  extended  plants,  the  best  results  can  be 
obtained  by  its  use,  together  with  motor-generator  for  direct-current 
variable-speed  motors.  If,  however,  but  one  kind  of  current  will 
be  available,  decision  should  be  largely  governed  by  numbea*  of 
individual  drives  required.  In  many  instances,  while  group 
drives  may  be  desirable  at  the  start,  new  equipment  should  be 
purchased  with  individual  motors  for  the  sake  of  adjustable  speed 
and  ease  of  control. 

Returning  to  the60-in.  lathe  considered  above,  the  total  speed 
range  of  57  to  1  can  be  covered  by  the  usual  triple  gear  arrange- 
ment, with  the  resulting  ratios  shown  on  the  chart.  The  range  in 
motor  speed,  of  3.5  to  1,  is  quite  practical  and  can  be  taken  carr 
of  by  any  one  of  the  systems  referred  to  above. 


312 


MOIORS  IN  MACHINE  SHOPS  13 

I  sball  not  dwell  ti|)Oii  the  strictly  iiiecbanical  details  of  tbo 
drive,  rather  assuming  that  this  part  of  thw  work  is  pro|)erly  taken 
ca^e  of,  but  jiass  on  to  a  consideration  of  the  motor-drive  systems. 

(3)  NOTES  ON  MOTOR-DRIVE  SYSTEMS. 

Systems  now  on  the  market  for  obtaining  adjustable  speed  by 
means  of  motor  drive,  and  advocated  by  piominent  manufacturers, 
are  given  below: 

(1)  Field  weakening  only 

(2)  Double  commutator  motor  combined  with  field  weakening. 

(3)  Edison  three-wire  system  combined  with  field  weakening. 

(4)  Unbalanced  three-wire  system  combined  with  field  weak- 
ening. 

(5)  Four-wire  multiple-voltage  system  combined  with  field 
weakening. 

There  are  two  classes  of  purchasers,  with  widely  differing 
requirements,  and  to  whom  different  systems  appeal: 

(1)  The  customer  who  buys  motors  for  his  own  use  to  equip 
machines  already  in  operation,  or  special  machinery  which  must 
be  given  individual  consideration. 

(2)  The  customer  who  buys  for  an  unknown  third  party*  The 
builder  of  machines,  for  example,  who  manufactures  his  product 
without  any  knowledge  as  to  whom  the  purchaser  may  be,  and  con- 
sequently must  design  equipments  that  will  meet  conditions  exist- 
ing in  plants  where  his  product  is  solicited. 

Tlie  electrical  manufacturers  have  been  slow  in  realizing  this 
almost  self-evident  classification.  The  very  essence  of  modern 
manufacturing  consists  in  specialization,  as  it  is  only  in  this  way 
that  cost  can  be  reduced  to  a  minimum.  Such  establishments 
must  l)e  classified  under  the  second  division  referred  to  above,  and 
the  product  considered  as  a  tyjH't  while  in  the  first  class  given 
machines  or  given  establishments  can  be  treated  separately. 

Conditions  in  the  past  have  in  either  case  demanded  a  separate 
consideration  of  drive  for  practically  every  customer,  on  account 
of  special  character  and  numerous  types  of  motor-drive  equipment, 
but  substantial  progress,  as  far  as  the  machine  builders  are  con- 
cerned, will  not  Ih)  made  until  their  product  is  manufactured  com- 
plete in  every  essential.     This  means  the  adoption  of  a  motor  that 
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can  be  ojKjrated  on  110  or  220  volts,  direct  current,  as  one  of  these 
is  not  only  found  in  nearly  every  large  establisliment,  where  it  is 
used  for  cranes  and  lighting,  but  in  many  of  the  small  shops. 

The  three-  and  four- wire  systems,  on  the  other  hand,  have  been 
installed  by  a  very  small  percentage  of  the  shops  who  are,  from 
time  to  time,  purchasing  new  equipments,  hence  for  commercial 
reasons  such  apparatus  does  not  appeal  to  machine  builders.  It 
may,  however,  possess  distinct  advantages  to  purchasers  of  the 
first  class  who  contemplate  the  motor  equipment  of  an  entire  shop, 
either  at  once  or  as  conditions  demand.  As  they  can  exercise  the 
greatest  freedom  in  selection  of  equipment  for  motor  drive,  I 
shall  consider  the  systems  enumerated  above  from  their  stand- 
point. It  will  then  be  a  comparatively  simple  matter  to  apply 
these  conclusions  to  the  more  special  conditions  which  must  be 
met  by  the  machine  builders. 

All  customers,  unless  they  employ  consulting  engineers,  are 
called  upon  to  decide  themselves  upon  the  system  to  adopt,  and, 
as  their  experience  does  not,  as  a  rule,  cover  the  details  of  elec- 
trical engineering,  they  must  depend  largely  on  the  statements  put 
forward  by  electrical  companies. 

There  is  no  doubt  that  the  manufacturers  in  many  instances 
have  taken  advantage  of  the  special  character  of  machine  work  to 
rate  their  motors  in  a  way  that  is  very  deceptive.  The  words 
"  full  load "  are  almost  universally  abused,  and  as  there  is  no 
standard  specification  adhered  to,  the  only  safe  basis  for  compari- 
son is  through  a  knowledge  of  the  weight  and  maximum  speed 
for  a  given  horse-power  through  a  given  range,  with  the  under- 
standing that  a  specified  overload  must  be  carried  at  any  point  for 
a  certain  time.  Such  an  analysis  would,  according  to  the  views  of 
the  various  builders,  give  at  least  an  intelligent  idea  of  the  equip- 
ment required  to  fill  a  definite  need,  but  in  a  number  of  instances 
our  experience  has  indicated  that  claims  made  by  leading  manu- 
facturers have  not  been  fulfilled  in  actual  test.  Machine-tool  duty 
unquestionably  permits  of  a  different  basis  of  rating  from  constant 
horse-power  work  in  much  the  same  way  that  street  railway  motors 
are  rated  on  a  basis  of  their  own,  but  when  one  manufacturer 
adheres  strictly  to  a  rating  of  present  standard,  and  another  departs 
from  it  without  the  knowledge  of  the  customer,  the  latter  is  likely 
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to  be  comparing  bids  on  two  radically  different  equipments.  This 
we  have  repeatedly  found  to  l)e  the  case.  We  feel  that  this  matter 
should  be  given  careful  consideration  by  such  a  body  as  the  Ameri- 
can Institute  of  Electrical  Engineers  and  a  definite  understanding 
arrived  at. 

I  shall  assume  general  familiarity  with  the  systems  under  con- 
sideration. In  general,  a  motor  for  a  given  maximum  speed  and 
a  given  range,  to  deliver  a  given  horse-power  through  this  range, 
will  be  at  least  as  large  when  operated  by  field  weakening  only,  as 
when  a  combination  of  either  two  or  more  voltages  with  field 
weakening  is  adopted.  Unless  the  motor  is  specially  designed  for 
field  weakening,  it  will  be  larger  than  in  the  latter  case.  We  have 
been  unable  to  obtain  any  satisfactory  data  from  the  engineering 
departments  of  electrical  manufacturers  concerning  variation  of 
horse-power  with  field  strength,  so  prefer  to  base  our  conclusions 
upon  tests  which  we  have  conducted  in  connection  with  work  for 
various  clients. 

As  the  cost  of  variable -speed  motors  and  auxiliary  power 
transmission  equipment,  such  as  chain  or  gears,  is  in  proportion 
to  the  speed  at  which  it  operates,  we  should  see  that  the  latter  is 
as  high  as  is  consistent  with  the  various  engineering  considera- 
tions. A  number  of  the  manufacturers  of  motors  do  not  give 
sufficient  thought  to  the  adaptation  of  motor  speeds  to  available 
means  of  transmitting  power  to  the  machine.  There  are  three 
methods  in  common  use,  namely:  leather  belts,  gears  (including 
worm  and  spiral  gearing)  and  chain.  While  the  great  flexibility 
of  the  belt,  in  relieving  the  machine  of  sudden  jar,  has  distinct 
advantages  in  certain  instances,  gears  and  chain  are  used  in  the 
majority  of  cases  for  individual  drive. 

(I)  FIELD  WEAKENINQ  (Wmi  A  SINOLE  VOLTAQB). 

A  number  of  manufacturers  have  recently  placed  on  the 
market  motors  designed  to  run  on  a  single  voltage,  but  that  may  be 
varied  in  speed  by  means  of  field  weakening  over  a  range,  in  some 
cases,  as  high  as  6  to  1.  Until  recently,  ranges  as  great  as  the 
above  have  not  been  considered  practicable  and  our  tests  of  motors 
of  various  makes  have  indicated  that  in  this  respect  much  can  be 
accomplished  through  careful  motor  design.     Manufacturers  that 
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adhere  to  the  simple  shunt  type  do  not  advocate,  except  for  special 
work,  a  range  exceeding  4  to  1,  while  others  who  have  adopted 
either  additional  poles  or  special  windings  claim  to  have  elimi- 
nated the  difficulties  usually  encountered,  and  are  prepared  to  fur- 
nish motors  giving  any  variation  desired.  These  types,  however, 
have  not  been  in  operation  a  sufficient  length  of  time  to  enable  us 
to  confirm  their  statements. 

We  have  found  that  customers  are  frequently  misled  concern- 
ing the  size  of  frame  required  for  a  given  duty  for  motors  operat- 
ing on  this  system.  As  the  horse-power  that  can  be  developed 
with  a  given  frame  is  in  proportion  to  the  speed  of  the  armature, 
it  is  necessary  to  use,  for  a  range  of  4  to  1,  a  motor  frame  rated  at 
least  four  times  as  large  as  the  power  required  if  practical  speeds 
are  not  to  be  exceeded.  Even  such  a  frame  will  not,  in  most  cases, 
make  it  possible  to  rate  the  motor  as  liberally  as  is  the  case  with 
standard  constant-speed  apparatus,  as  the  exceptionally  strong  field 
required  is  likely  to  cause  heating  at  the  slow  speed,  and  at  the 
high  speed  the  weakened  field  will  cause  poor  commutation. 

We  have  not  yet  experimented  with  a  motor  of  this  type  that 
would  operate  continuously  under  the  full-load  current  at  its  high- 
est speed  without  giving  some  trouble  at  the  commutator.  It  is 
true,  as  was  stated  above,  that  such  conditions  would  rarely  be  met 
in  the  machine  shop,  but  to  purchase  with  intellicrence  it  is  neces- 
sary to  know  how  much  manufacturers  depend  on  this  fact.  Mo- 
tors with  a  range  of  3  to  1  have  already  been  successfully  applied 
to  machines  requiring  a  comparatively  small  amount  of  power,  al- 
though, as  will  be  pointed  out  later,  the  apparatus  has  not  been 
perfected  as  fully  as  is  the  case  with  other  systems. 

If  the  lathe  considered  above  be  equipped  with  apparatus  op- 
erating on  this  system,  the  relation  between  motor  horse-power 
and  that  required  by  the  machine,  shown  in  Fig.  11,  should  ful- 
fill the  conditions  satisfactorily,  as  the  upper  curve  is  drawn 
through  maximum  values,  and  when  they  are  reached  the  overload 
on  the  motor  would  only  be  30  per  cent. 

Referring  to  the  dimensions  and  ratings  furnished  by  one  of 
the  manufacturers,  whose  apparatus  has  shown  up  very  favorably 
under  test,  we  find  that  a  motor  weighing  1,615  lbs.  will  deliver 
10  horse-power  between  a  range  of  350r.p.m.and  1,050  r.p.m.,  or 
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one  weighing  2,300  lbs.  will  deliver  10  horse-power  between  225 
r.p.m.  and  900  r.p.ni.  "We  recommend  the  use  of  the  last  frame, 
as  satisfactory  commutation  should  be  assured  by  the  smaller 
speed  range,  namely,  225  r.p.m.  to  787  r.p.m. 

(2)    DOUBLE  COMMUTATOR  MOTOR  (COMBINED  WrPH  RELD  WEAKENING). 

Tlie  additional  cost  of  the  double  commutator  motor,  together 
with  the  maintenance  of  two  commutators  instead  of  one,  are 
objections  to  this  system  that,  in  our  estimation,  offset  its  advan- 
tages  for  other  than  special  cases. 
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(3)    EDISON  THREE- WIRE  SYSTEM. 

Tlie  combination  of  the  Edison  three- wire  system  with  field 
weakening  permits  of  a  range  of  4  to  1,  with  but  100  per  cent 
increase  in  speed  by  the  latter  means,  and,  consequently,  elimi- 
nates commutator  troubles  to  a  marked  extent. 

The  balanced  three-wire  systeni  has  Ikh^u  adopted  quite  gen- 
erally in  the  past  for  lighting  purposes,  and  may  \vd  obtained 
either  by  means  of  standard  generator,  together  with  a  separate 
balancer,  or  by  providing  the  former  with  slip  rings  connected  to 
an  autotransformer  from  the  middle  point  of  which  the  neutral  is 
taken.  The  latter  arrangement  is  advocated  by  manufacturers  of 
this  apparatus. 

The  selection  of  motor  to  operate  on  three-wire  system  for  the 
60-in.  lathe  should  l)e  based  on  curves  shown  in  Fig.  12.  The  same 
assumptions  are  made  regarding  overload  as  in  the  former  case. 
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The  motor  required  for  these  conditions,  according  to  one  of 
the  principal  advocates  of  the  Edison  three-wire  system,  would 
weigh  2,600  lbs.  and  operate  from  220  r.p.m.  to  880  r.p.m. 

(4)  THE  UNBALANCED  THREE.WIRE  SYSTEM. 

The  unbalanced  three-wire  system  was  developed  to  give,  with 
a  minimum  size  motor,  a  range  somewhat  greater  than  6  to  1. 
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Fig.  12. 

For  a  range  of  4  to  1,  or  under,  it  has  no  advantage  over  the 
balanced  three- wire  system,  nor  does  it  possess  the  several  good 
features  of  the  one  last  named. 

(5)  FOUR- WIRE  MULTIPLE  VOLTAGE  SYSTEMS. 

The  principal  advantage  of  the  multiple-voltage  system  is  that 
absolutely  standard  motors  (the  same  as  are  used  for  constant- 
speed  duty)  are  used  with  perfectly  satisfactory  results.  This  is 
not  true  of  any  of  the  other  systems.  Motors  designed  to  operate 
on  a  three-wire  system  must  run  with  full  field,  full  voltage  at 
about  half  the  speed  of  a  constant-speed  motor  for  the  same  duty, 
therefore  cannot  be  economically  used  for  the  latter  purpose.  This 
is  true  to  a  still  greater  degree  for  motors  designed  to  give  a  wide 
range  of  speed  by  means  of  field  weakening  only. 

The  maximum  range  in  speed  obtainable  by  the  system  under 
consideration  depends  upon  the  voltages  adopted  and  the  amount 
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the  field  is  weakened,  but  for  purposes  of  economy,  except  where 
constant  torque  is  required,  the  working  scale  is  usually  conBned 
to  the  higher  voltages.  The  lower  voltages,  while  used  chiefly  for 
starting,  prove  of  great  assistance  at  times  for  setting  up  work. 

The  two  systems  which  have  been  advocated  differ  in  that  one 
requires  an  arithmetical  series  of  voltages,  and  the  other  a  geomet- 
rical series.  In  either  case  a  balancer,  or  specially  designed  gen- 
erator, is  required  to  give  the  voltage  referred  to  and  four  wires 
employed  for  distribution.  These  two  features  are  frequently  cited 
as  disadvantages  that   more  than   offset  the  good  points  of  this 
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Fig.  13. 

system,  but,  in  reality,  they  do  not  complicate  matters  to  any  great 
extent  nor  add  materially  to  the  cost  of  a  large  installation. 

While,  as  stated  above,  the  average  machine  tool  may  be  con- 
sidered as  requiring  constant  horse-power  through  its  working 
range,  in  numerous  instances,  particularly  when  dealing  with  large 
machinery,  we  find  that  requirements  call  for  an  increased  horse- 
power with  an  increased  speed.  For  such  cases  the  multiple- volt- 
age system  is  most  desirable  as  is  clearly  shown  by  the  curves  in 
Fig.  13. 

This  data  relates  to  a  large  gun  lathe,  driven  by  multiple- 
voltage  apparatus.  The  lower  curves  are  drawn  through  points 
determined  by  actual  test  and  show  the  power  required  to  drive 
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the  lathe  with  face  y)late  in  place,  but  otherwise  running  liglit. 
The  power  available  for  useful  work  is  represented  by  the  vertical 
height  between  the  curves  just  referred  to  and  the  upper  ones, 
which  show  the  relation  between  horse-power  and  speed  of  a 
standard  35-horse  power  Crocker- Wheeler  motor.  Such  examples 
are,  of  course,  exceptional. 

Thus  far,  I  have  assumed  the  use  of  the  same  range  in  motor 
speeds,  when  operating  on  the  spindle,  backgear,  and  triple  gear, 
and  in  the  case  of  field  weakening  motors,  or  those  operating  on  a 
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balanced  three-wire  system  and  rated  as  above  there  would  not  be 
any  advantage  in  doing  otherwise.  The  characteristics  of  the 
multiple-voltage  system,  however,  are  such  that  a  smaller  motor 
can  frequently  be  used.  The  gear  ratios  are  determined  by  the 
nature  of  the  load  curve.  This  fact  was  borne  in  mind  when 
plotting  the  curves  shown  in  Fig.  14  relative  to  multiple-voltage 
equipment  for  lathe  A.-B.  Company. 

A  motor  weighing  2,350  lbs.  and  operating  from  236  r.p.m.  to 
820  r.p.m.  is  recommended  by  one  of  the  leading  manufacturers  of 
this  apparatus.  They  prefer  to  rate  their  motors  very  conserva- 
tively, which  accounts  for  the  decrease  in  horse-power  with  field 
weakening.  By  actual  test  their  motors  stand  up  under  these  con- 
ditions as  well  as  many  other  makes  that  are  said  to  deliver  constant 
horse-power  through  a  range  of  2  to  1. 
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(3)    N0TE5  CONCERN  I  NO  DIFFERENT  HAKES  OF 
APPARATUS. 

In  every  instance  final  decision  must  rest  M'ith  the  perfection 
of  apparatus.  One  of  the  most  important  details  so  far  as  efiicient 
shop  use  of  the  motor  drive  is  concerned  is  the  controlling  mechan- 
ism. For  machine-shop  duty  thoroughly  rugged  and  compact 
controllers  are  required.  No  contacts  should  be  exposed  as  is  now 
the  case  with  the  apparatus  furnished  by  a  number  of  manufac- 
turers of  field  weakening  motors.  With  thoroughly  efiicient  appa- 
ratus it  is  practically  impossible  to  damage  either  the  motor  or 
controller  by  the  rapid  operation  of  the  latter,  I  do  not  mean  by 
this  that  it  is  well  to  swing  the  controller  handle  suddenly  from 
the  off  position  to  the  full-speed  point,  but  such  action  should  not 
result  in  destructive  sparking  at  the  commutator  or  arcing  at  the 
controller  points. 

The  satisfactory  operation  of  a  controller  for  the  conditions 
under  consideration  depends  largely  upon  the  success  with  which 
the  manufacturer  has  fulfilled  the  following  conditions: 

(1)  Controllers  should  be  completely  inclosed  in  iron  casing. 

(2)  It  should  be  impossible  through  the  manipulation  of  the  con. 
trailer  to  stop  the  motor  at  any  place  on  the  scale  other  tliau  the  off  position. 

(8)  Rapid  operation  of  tlie  coutraller  should  not  cause  serious  dam- 
age to  either  motor  or  coutraller. 

(4)  They  should  be  so  designed  that  they  can  be  easily  operated 
fh)m  a  convenient  {Krint  on  machine. 

(5)  A  sufllcient  number  of  speeds  should  be  provided,  depending  on 
machine  retiuirements. 

(6)  Controllers  that  re<|Uire  fre<juent  operation  must  l)e  designed 
with  lil>eral  contact  tturface  and  more  rugge<l  in  every  rtHpect  than  tlio^e 
used  principally  as  "s{)eed  setters,"  and  as  a  result  only  operated  at 
intervals. 

(7)  The  design  HhouUi  permit  of  repaint  with  the  greatest  ease.  In 
this  connection  the  location  and  type  of  resiHtauce  grids  should  l>e  given 
careful  consideration. 

(8)  Kach  speed  should  be  clearly  detlued  either  by  a  star-wheel  and 
pawl  or  other  means. 

A  number  of  manufacturers  have  placed  on  the  market  con- 
trollers that  are  giving  good  results,  and  in  most  respects  comply 
with  the  above  requirements. 
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Motors  have  been  designed  to  accompany  these  controllers 
that  are  well  suited  for  application  to  machines,  in  so  far  as  their 
external  dimensions  are  concerned,  but  at  the  same  time  we  feel 
sure  that  the  electrical  manufacturers  who  are  willing  in  certain 
cases  to  depart  from  present  designs  will  gain  a  strong  position 
with  the  machine  builders. 

(4)     CONCLUSIONS. 

In  all  probability  a  paper  such  as  I  have  prepared  for  this 
meeting  of  electrical  engineers,  would  have  seemed  decidedly  out 
of  place  some  years  ago.  I  have  dealt  with  matters  which  would 
then  have  been  considered  the  business  of  the  machine  builder  or 
mechanical  engineer,  and  not  requiring  the  thought  and  study  of 
the  electrical  profession.  It  is  now  realized,  however,  that  the 
motor-drive  problem  presents  many  new  features,  and  is  a  distinctly 
different  one  from  the  manufacture  and  sale  of  standard  generators, 
for  example.  The  earning  power  of  the  latter  is  largely  dependent 
upon  the  design  and  workmanship,  features  that  can  be  passed 
upon  before  the  machinery  leaves  the  works.  If  a  power  plant  is 
found  to  be  too  small,  more  units  can  be  readily  added  without  in 
any  way  interfering  with  those  in  use.  On  the  other  hand  the 
earning  power  of  a  motor  equipment  for  individual  operation  of 
machines  depends  largely  on  conditions  over  which  the  manufac- 
turer has  no  control.  The  continued  growth  of  this  department 
of  his  plant,  however,  is  governed  by  results  actually  obtained 
with  his  product  under  working  conditions,  so  to  protect  himself 
he  is  called  upon  to  see  that  the  proper  equipment  is  selected,  and 
if  possible,  advise  as  to  its  use.  As  far  as  the  customer  is  con- 
cerned, it  would  usually  be  better  for  him  to  close  his  eyes  and 
grasp  any  one  of  possibly  four  makes  of  apparatus,  devoting  his 
time  to  its  proper  installation  and  operation,  rather  than  reversing 
the  process  as  is  so  often  done. 

The  conclusions  reached  above  concerning  the  motors  required 
for  the  60-in.  lathe  are  summarized  in  the  table  below: 

Weight.  Mln.  R.P.M.  Max.  R.P.M. 

Field  weakening 2,300  225                  787 

Three-wire  system 2,600  220                  770 

Four-wire  system 2,360  235                 820 
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It  must  be  remembered  that  the  ability  of  these  motors  to  fill 
the  imposed  conditions  was  not  determined  by  actual  test,  the 
data  being  the  recommendations  of  well-known  electrical  compa- 
nies who  manufacture  the  respective  types  of  apparatus.  These 
figures  should  at  least  make  it  clear  that  many  statements  con- 
stantly made  concerning  the  size  of  motor  required  for  a  given 
horse-power  and  speed  range  cannot  be  other  than  erroneous. 

I  pointed  out  above  the  conditions  which  must  be  met  by  the 
machine  builder  necessitating  the  selection  of  a  type  that  does  not 
require  for  its  operation  special  auxiliary  apparatus.  While  motors 
operating  on  two  wires  and  giving  a  range  as  high  as  4  to  1  by 
means  of  field  weakening  do  not  at  present  give  as  good  all-round 
results  as  those  operating  on  the  multiple-voltage  and  three-wire 
systems,  we  feel  that  their  adoption  by  the  manufacturers  referred 
to  is  certainly  justified.  When  this  is  more  fully  appreciated  the 
electrical  companies  should  rapidly  achieve  better  results  in  this 
direction. 

The  customer  purchasing  for  his  own  use  should,  on  the  other 
hand,  differentiate  clearly  hetween  the  machine  builders'  require- 
ments and  his  own^  for  in  many  cases  he  can  secure  more  satisfac- 
tory results,  all  things  considered,  through  the  adoption  of  a  system 
combining  with  field  weakening  a  number  of  voltages. 
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METHODS  OF  WELDING 

Ordinary  Welding.  Welding  done  by  the  ordinary  method  is 
one  of  the  very  skilful  processes  in  the  mechanic  arts.  It  is  gen- 
erally performed  by  heating  the  pieces  to  be  welded  to  a  tempera- 
ture at  which  they  are  in  a  more  or  less  plastic  condition,  and  then 
forcing  them  together  either  by  direct  pressure  or  by  means  of  blows. 

\Mien  the  pieces  are  placed  together,  the  temperature  must  be 
high  enough  to  melt  the  scale,  or  oxide,  with  which  nearly  all  heated 
metal  is  covered.  This  is  necessarj'  in  order  that  the  scale  may  be 
forced  from  between  the  welding  surfaces,  and  a  clean  joint  left. 
As  a  general  rule,  the  pieces  to  be  joined  are  heated  in  an  open  fire; 
and  as  there  is  always  more  or  less  air  present,  the  oxygen  in  the  air 
attacks  the  metal,  forming  an  oxide  on  the  heated  surfaces.  In 
order  to  make  a  perfect  weld,  there  must  be  no  foreign  matter  present 
between  the  surfaces  to  be  joined,  and  the  oxide  formed  in  the  fire 
must  be  gotten  rid  of  in  some  way.  With  some  metals — for  example, 
tool  steel — the  welding  temperature  is  below  the  melting  tempera- 
ture of  the  oxide;  and  in  order  to  make  a  sound  weld,  it  is  necessary 
to  add  flux  during  the  heating,  to  melt  this  oxide.  This  flux  also 
aids  in  the  welding  by  forming  a  protecting  covering  over  the  heating 
surfaces,  shutting  out  the  air,  and  to  some  extent  reducing  the  o.xida- 
tion. 

Any  metal  which  passes  slowly  from  the  solid  to  the  molten  state 
while  being  heated,  welds  easily.  In  other  words,  any  metal  which 
has  a  comparatively  large  range  of  temperature  through  which  it 
remains  in  a  semi-pasty  condition  is  easily  weldable,  as  this  range 
of  temperature  allows  an  apprec-iable  amount  of  time  for  the  neces- 
sary hammering  of  the  joint  together,  l)efore  the  metal  liecomes 
too  cold  to  stick  properly.  On  the  other  hand,  any  metal  which  has 
a  comparatively  small  range  of  temperature  l)etween  the  solid  and 
molten  states  is  difficult  tt>  weld,  as  the  metal  cannot  be  properly 
worked  in  the  limited  time  allowed  by  the  cooling.     Brass  is  a  metal 
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of  the  latter  sort,  while  wrought  iron  is  perhaps  the  best  example 
of  the  easily  weldable  metals. 

Another  difficulty  experienced  in  ordinary  welding  is  that  the 
heat  is  applied  directly  only  to  the  outside  of  the  piece,  and  all  which 
reaches  the  center  must  first  penetrate  the  outer  metal.  This  often 
results,  where  the  heating  has  been  too  rapid,  in  the  burning  of  the 
outside  metal  before  the  center  is  hot  enough  to  weld. 

One  great  drawback  to  ordinary  welding  is  that  the  welding 
temperature  is  held  by  the  pieces  such  a  short  time  that  the  placing 
of  the  pieces  together  and  other  manipulating  has  to  be  done  almost 
instantly. 

All  of  the  above  difficulties  are  very  much  lessened,  if  not  en- 
tirely done  away  with,  in  the  electric  process  of  welding.  In  the 
most  common  electrical  method,  the  pieces  may  be  placed  in  exactly 
the  right  position,  and  as  much  time  taken  as  necessary.  Then, 
when  everything  is  adjusted,  and  the  work  clamped  firmly  in  place, 
the  heating  and  welding  are  done,  the  pieces  being  securely  held  in 
place  during  the  entire  process. 

Electric  Welding.  All  methods  of  electric  welding  or  heating 
are  based  upon  one  elementary  fact — that  all  substances  offer  re- 
sistance to  the  passage  of  an  electrical  current,  and  that  when  a 
current  of  electricity  is  passed  through  any  material,  this  resistance 
causes  the  temperature  to  rise.  The  larger  the  amount  of  current 
flowing,  the  faster  the  rise  in  temperature.  Consequently  it  is  only 
necessary  to  pass  a  sufficiently  large  amount  of  current  through  a 
body  of  metal  to  heat  it  to  almost  any  degree  in  a  very  short  time. 

Probably  the  most  common  illustration  of  this  princij)le  is  found 
in  the  ordinary  incandescent  lamp,  where  the  resistance  of  the  carbon 
filament  causes  it  to  become  almost  white-hot  when  the  current  is 
passed  through  it. 

If  two  pieces  of  metal  forming  the  terminals  of  an  electric  cur- 
rent be  brought  in  contact,  the  point  of  contact  will  naturally  be 
the  point  of  greatest  resistance.  If  a  current  be  passed  through  the 
pieces,  the  heating  effect  will  be  greatest  at  the  joint;  and  as  the  tem- 
perature rises,  the  metal  will  offer  still  greater  resistance  to  the  cur- 
rent, causing  a  high  local  heat  at  the  junction  of  the  two  pieces. 
This  point  is  well  shown  in  the  arc  lamp,  where  the  resistance  of 
the  short  air-gap  causes  an  intensely  high  local  heat. 
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METHODS  OF  ELECTRIC  WELDING 

There  are  three  general  methods  of  electric  welding  in  use, 
briefly  descril>etl  as  follows: 

1.  Akc  Method.  In  what  is  known  as  the  arc  method  of  electric  weld- 
ing, the  pieces  to  be  welded  form  together  one  terminal,  and  a  carbon  point 
or  pencil  forms  the  other;  or  each  piece  may  form  a  terminal,  much  after  the 
manner  of  the  arc  lamp. 

2.  SirBMER8iON  Method.  In  the  so-called  submeraion  method,  the  work 
is  heated  by  submerging  in  a  heated  bath,  or  in  some  moderately  conducting 
liquid  contained  in  a  metal-lined  tank. 

The  above  two  methods  are  what  might  be  iorme A  high-voltage  methods, 
as  distinguished  from  the  following  process,  which  is  a  low-voltage  method. 

3.  Thom.son  Proce.s.s.  In  the  Thomson  process,  the  heating  is  done 
by  passing  a  current  of  very  low  voltage  through  the  work  while  the  pieces 
are  in  contact. 

The  first  two  methods  are  not  so  commonly  used  as  the  Tliomson 

process,  hut  have  certain  characteristics  which  peculiarly  fit  them 

for  certain  purposes. 

ARC  METHOD 

In  this  process  of  welding,  the  pieces  to  be  joined  are  placed 
together,  and  contact  made  with  the  positive  pole  of  a  continuous 
current,  the  negative  being  a  carbon  point  held  in  suitable  grip. 

The  carlx)n  is  brought  in  contact  with  the  work,  and  an  arc  is 
drawn,  the  heat  from  which  raises  the  joint  to  a  welding  or  melting 
temperature.  Sometimes  plates  arc  welded  in  this  way,  being  first 
lightly  riveted  together  to  hold  them  in  place. 

This  method  is  said  to  give  excellent  results  for  local  heating, 
where  a  spot  only  is  to  be  heated.  Another  application  of  the  same 
principle  is  the  filling  of  blow-holes  in  defective  castings.  A  direct 
current  is  used,  and  the  holes  are  filled  by  melting  in  metal  with  the 
heat  of  an  arc  drawn  from  the  negative  carbon  to  the  casting,  whidi 
is  connected  to  the  positive  side  of  the  circuit. 

Sometimes,  in  place  of  using  a  carbon  point  for  a  negative 
electrode,  a  small  bar  of  the  metal  which  it  is  desired  to  melt  into 
the  hole  is  used.  \Mien  the  electrmle  is  made  of  the  metal  itself, 
Houston  and  Kennelly  give  the  following  figures  for  the  size  of  bar 
and  current  re(juired:  "The  diameter  of  electrode  is  usually  from 
6  to  10  mm.,  and  the  current  density  about  S  amperes  per  square 
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millimeter  of  active  surface  of  the  metal  electrode."  Reduced  to 
English  measurements,  this  makes  the  metal  electrode  about  \  inch 
or  J  inch  in  diameter,  and  the  current  required  about  5,160  amperes 
per  square  inch,  or  from  about  225  to  600  amperes  for  the  sizes  of 
electrodes  given. 

It  should  be  noted  that  in  this  method  a  comparatively  high 
voltage  is  used  (about  50  volts,  or  higher);  and  this  to  a  large  extent 
distinguishes  this  process  from  the  Thomson  method,  which  is  a 
low-voltage  operation. 

One  precaution  must  be  taken  in  work  of  this  character,  and 
that  is  first  to  heat  the  casting  to  be  operated  on,  to  as  near  a  red 
heat  as  possible,  at  least  all  around  the  part  to  be  treated.  This 
preliminary  heating  may  be  done  in  an  ordinary  forge  fire,  the  elec- 
trical current  being  used  only  for  melting  in  the  filling.  If  this 
preliminary  heating  is  neglected,  the  unequal  contraction  in  cooling 
is  very  liable  to  cause  the  filling  to  loosen  from  the  hole. 

In  using  the  arc  it  is  of  course  necessary  to  have  some  variable 
resistance  in  the  circuit  to  control  the  amount  of  current  flowing. 
It  should  also  be  remembered  that  the  positive  terminal  is  always 
the  hottest  part  of  the  arc,  and  for  this  reason  the  work  itself  should 
always  be  connected  to  this  side  of  the  circuit. 

The  arc  principle  is  sometimes  used  for  fusing  wires  together, 
where  no  very  great  strength  is  required  but  favorable  conditions 
for  electrical  conduction  are  sought.  The  wires  to  be  joined  are 
made  the  terminals,  and  are  brought  together  until  an  arc  is  formed. 
The  current  is  maintained  until  the  ends  are  heated  to  the  welding 
or  melting  point,  when  it  is  shut  off,  and  the  ends  of  the  wires  pushed 
together.  A  direct  current  at  about  50  volts  may  be  used.  On  the 
end  of  the  positive  wire,  a  small  ball  of  molten  metal  will  form,  and 
the  end  of  the  other  wire  may  be  pushed  into  this  to  make  the  joint. 

Arc  Method  of  Cutting  Steel  Beams  and  Piling.  Perhaps  the 
most  valuable  application  of  the  arc  method  is  its  use  in  cutting — 
or  rather,  melting  in  tuo — of  steel  beams  or  other  metal  parts  in 
wrecking  a  building,  or  in  cutting  holes  in  parts  difficult  of  access. 

The  operation  is  much  the  same  as  that  followed  in  filling 
blow-holes  in  castings;  but  in  this  case  the  heating  is  continued 
until  the  metal  melts  and  runs,  leaving  a  hole  in  the  work.  In  this 
way  holes  have  been  cut,  or  burned,  in  steel  vaults;  and  it  is  not  at 
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all  iincomnion  to  tut  out  parts  of  floor-beams  in  buildings,  for  stair- 
ways, etc.,  by  the  same  method. 

This  makes  a  eheap  as  well  as  an  effeetive  method  of 
doing  the  work,  as  the  power  used  need  not  l)e  over  25  or  30  horse- 
power. ^^^len  eentral  station  power  is  available,  it  should  l)e  used; 
but  when  it  is  not  convenient  to  obtain  power  from  such  a  .sourte, 
a  self-contained  generating  set  coasisting  of  a  gasoline  engine  and 
dynamo  may  l)e  employed  to  advantage. 

Work  of  this  kind  has  U^en  done  in  office  buildings  during  the 
night,  utilizing  the  power  which  during  the  daytime  is  used  for 
running  elevators,  etc. 

Either  direct  or  alternating  current  may  be  used. 

Messrs.  Houston  and  Kennelly  give  the  following  data  based 
on  obserN'ations  in  connection  with  several  pieces  of  actual  work: 

On  some  work  done  in  San  Francisco,  a  25-kilowatt  continuous-current 
generator,  direct-connected  to  a  single-cylinder  gasoline  engine,  was  used. 
A  15-inch  I-beam  was  cut  in  two  in  about  20  minutes.  The  current  was  about 
250  amperes  at  from  90  to  100  volts. 

In  New  York  City  some  work  was  done  with  central  station  alternating 
current.  Four  20-kilowatt  single-phase  transformers  connected  in  multiple 
were  used  with  a  secondary  E.  M.  F.  of  50  volts.  In  this  case  some  steel  piling 
was  cut  off,  the  depth  of  cut  varying  from  \  inch  at  the  middle  to  .3^  inchea 
at  the  ends.  This  piling  was  cut  at  the  rate  of  about  10  feet  per  day  of  8 
hours,  using  about  25G  kilowatt-hours,  requiring  about  650  amperes  at  50  volts. 

Calculating  current  as  selling  at  10  cents  per  kilowatt-hour,  the  above 
method  of  cutting  piling  was  found  to  save  over  $10.00  per  day,  in  addition 
to  the  time  gained. 

The  carbon  electrode  was  1  finches  in  diameter,  and  was  clamped  be- 
tween copper  plates  each  5  inches  square  and  J  inch  thick,  to  which  one  of  the 
wires  was  fastened.  The  other  wire  was  bolted  to  the  piling.  It  was  found 
necessary  to  replace  the  copfxr  platt>s  every  15  hours,  as  the  intense  heat 
would  buckle  the  plates  in  that  time. 

Wlien  doing  this  sort  of  work,  it  is  absolutely  necessar}'  that  the 
operator  l)e  thoroughly  pn)tecte<l  with  aslx'stos  mask  and  gloves, 
and  thick  black  ghuss  goggles.  Under  no  circumstances  should  the 
naketl  eye  be  expo.sed  to  the  glare  of  the  bare  arc,  for,  while  the 
effect  may  not  be  felt  imme<liately,  serious  results  are  almost  sure 
to  follow  even  a  comparatively  short  exposure. 

Electric  Crucible  and  Furnace.  The  electric  cnicible  is  one  of 
the  applications  of  the  arc  principle  dcscrilxMl  alxjve.  A  graphite 
or  other  crucible  made  of  a  heat-resisting  material  which  is  a  good 
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conductor  of  electricity  is  used  as  the  positive  pole,  the  negative 
being  a  stick  of  carbon.  The  arc  is  formed  by  turning  on  the  current 
and  placing  the  carbon  in  contact  with  the  crucible,  and  then  separat- 
ing them  far  enough  to  draw  an  arc.  The  substance  to  be  fused  is 
placed  in  the  crucible,  and  melted  by  the  heat  of  the  arc.  The 
temperature  of  the  arc  is  about  3,400°  C. 

A  sketch  of  a  simple  arrangement  of  such  a  crucible  is  shown 
in  Fig.  1.     This  principle  is  used  to  some  extent  in  metallurgical 

work,  where  an 
extremely  high 
heat  is  required; 
but  it  has  not 
come  into  com- 
mercial use  to  any 


great  extent, 
although  there  are 
several  large  fur- 
on 
same 


made 
the 


Fig.  1.    Electric  Crucible. 


naces 
much 
plan. 

The  same  prin- 
ciple, with  slight 
modifications,  is  used  in  one  form  of  the  electric  furnace.  In  this 
furnace,  two  carbons  are  used,  being  placed  horizontally  over  a 
shallow  crucible  in  such  a  way  as  to  form  an  arc  between  the  two 
pieces.  The  heat  is  still  further  confined  by  means  of  a  cover 
consisting  of  the  same  material  as  that  of  which  the  crucible  is 
made,  and  having  a  slight  hollow  over  the  arc.  The  crucible  and 
cover  are  generally  made  of  lime.  A  sketch  of  such  a  furnace  is 
shown  in  Fig.  2. 

SUBMERSION  METHOD 

This  method,  like  the  arc  method  above  described,  is  a  high- 
voltage  method ;  but  the  manner  in  which  the  work  is  handled  is  very 
different  in  the  two  methods.  The  submersion  process  is  very  limited 
in  use,  but  spectacular  in  operation,  and  for  this  reason  is  sometimes 
used  to  draw  crowds  at  exhibitions. 

A  metal-lined  tank  is  used,  which  is  filled  with  some  liquid  like 
brine,  acidulated  water,  or  other  conducting  fluid  of  similar  character. 
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Pi^.  1    Electric  Furnace. 


Tlic  lining  of  the  tank  is  connected  to  the  positive  wire,  the  negative 
wire    being    con- 


necte<l  to  the  metal 
to  l)e  heate<l. 
'ill  is  tn&y  be  done 
by  having  the  neg- 
ative wire  soKlereti 
to  a  pair  of  tongs 
used  to  hold  the 
work ;  or  the  work 

may  l>e  re.stwl  against  a  bar  placed  across,  but  insulated  from,  the 
tank,  this  l)ar  l)eing  connecte<I  to  the  negative  wire. 

On  arrangement  for  thi  ssort  of  work  is  shown  in  Fig.  3.  The 
heating  is  regidatetl  by  the  amount  of  bar  submerged  in  the  liquid,  the 
part  Ix'low  the  surface  being  the  part  heated.  The  bar  t)f  metal  to 
be  heated  is  grasped  in  the  tongs  or  rested  on  the  "live"  bar,  and 
plunged  into  the  solution  in  the  tank.  It  begins  to  glow  almost  im- 
mediately, and  soon  becomes  welding  hot.  The  effect  is  \er\  startling, 
particularly  as  the  heated  bar  may  at  once  be  taken  in  another  pair 
cf  tongs,  and  cooled  in  the  same  solution  it  was  heated  in.  Or  a 
switch  may  be  arranged  to  cut  off  the  current,  the  piece  still  held  in 
the  same  tongs  used  for  heating,  plunged  back  into  the  bath,  and 
immediately  cooled. 

By  heating  under  water  in  this  way,  oxidation  is  prevented;  but 
the  heat  is  not  very  easily  controlled.     Consequentlv  there  is  the 

same  danger  of  overheating,  and 
the  same  inadaptability  to  range 
of  temjKTature,  that  there  is  in 
welding  by  the  onlinary  method. 
WTien  welding  is  to  l)e  done  by 
this  methtxl,  the  pieces  must  be 
scarfed  in  the  usual  way,  heate<I 
separately,  placetl  together  after 
heating,  and  the  weld  completed 
by  hammering  together  in  the 
regular  way.  In  fact,  the  only 
difference  l)etween  this  nietho<l  of 
welding  and  the  ortlinary  forge  method  lies  in  the  fact  that  the  heating 


Fig.  t.    Subineraiun  Meibutl  uf  Welding. 
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in  one  case  is  done  electrically,  and  in  the  other  in  the  forge.  Only 
such  metals  as  can  be  welded  at  the  forge  can  be  handled  by  this 
process;  and  it  would  hardly  be  practicable  to  attempt  to  work 
with  such  materials  as  copper  or  tool  steel. 

Metals  may  be — and  sometimes  are — heated  in  this  manner 
for  drop  forging,  as  it  gives  a  very  clean  heat  free  from  scale. 

ELECTRIC  BLOWPIPE 

Another  process  used  for  electric  heating  or  welding  is  that 
which  employs  what  is  known  as  the  Werderman  electric  blowpipe. 
In  this  process  an  electric  arc  is  drawn  between  two  carbon  pencils, 
and  the  flame  of  the  arc  is  blown  against  the  work  to  be  heated,  in 
much  the  same  manner  as  an  ordinary  blowpipe  flame  is  used.  The 
arc  flame  is  blown,  or  deflected,  by  a  small  steel  or  electromagnet 
which  repels  the  flame  against  the  work.  A  blast  of  air  may  be  used 
in  place  of  a  magnet,  as  it  also  will  blow  the  flame  to  one  side. 

THOMSON  PROCESS 

By  far  the  most  common  commercial  process  of  electric  welding 
is  what  is  known  as  the  Thomson  process — so  named  after  its  inventor, 
Elihu  Thomson.  This  method  is  about  covered  by  patents.  It  is 
perhaps  best  described  in  the  words  of  the  literature  issued  by  the 
"^Thomson  Electric  Welding  Company: 

"The  principle  involved  in  the  art  of  Electric  Welding  as  invented  by 
Elihu  Thomson,  is  that  of  causing  currents  of  electricity  to  pass  through 
abutting  ends  of  the  pieces  of  metal  which  are  to  be  welded,  thereby  generating 
heat  at  the  point  of  contact,  which  also  becomes  the  point  of  greatest  resistance, 
while  at  the  same  time  mechanical  pressure  is  applied  to  force  the  parts  to- 
gether." 

This  method  has  one  great  advantage  over  other  methods 
of  heating  for  welding,  and  that  is  that  the  metal  is  heated  from  the 
inside  and  not  from  the  outside. 

^Mien  the  pieces  are  brought  together,  the  parts  of  the  surfaces 
which  touch  are,  of  course,  heated  first;  and  as  the  heat  increases, 
these  parts  become  soft  and  flatten  down,  bringing  other  parts  in 
contact.  A  curious  fact  in  connection  with  this  is  that  the  welding 
temperature  is  regulated  almost  automatically.  The  surfaces  which 
first  come  in  contact  serve  as  conductors  of  the  current;  and  as  the 
current  passes  through  them,  they  become  heated  and  gradually 
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soften.  As  the  temperature  increases,  the  resistance  increases,  and 
these  softened  surfaces  are  gradually  flattened  out,  allowing  the 
cooler  surfaces  to  come  together.  As  the  cooler  points  touch, 
being  of  a  lower  temperature,  they  offer  less  resistance  to  the  passage 
of  the  current,  which  is  thus  automatically  switched  from  the  parts 
that  have  reached  a  "soft"  heat  to  those  that  have  not  yet  reachwl 
tlic  welding  temperature.  This  causes  the  joint  to  be  brought  to  a 
uniform  temperature  throughout. 

The  heating  b  thus  controlled  by  the  softness  of  the  metal  as 
it  flattens  together  under  pressure;  and  when  the  union  is  complete<l, 
the  st)ft  metal  begins  to  form  a  sort  of  burr  around  the  joint,  indicating 
that  the  weld  is  completed.  The  current  is  now  turned  off,  for,  if  the 
heating  were  continued,  the  metal  would  be  completely  melted  and 
the  weld  destroyed. 

Probably  the  greatest  proportion  of  defective  welds,  when  welds 
are  made  in  the  foi^  fire,  arises  from  the  presence  of  some  foreign 
substance  between  the  surfaces.  This  may  be  due  to  oxidation  of 
the  metal  itself,  formation  of  slag  from  the  flux,  sulphur  in  the  coal 
combining  with  the  iron,  or  absolute  dirt. 

All  of  these  factors  tending  to  cause  defects  in  welds  are  absent 
in  the  Thomson  process.  Since  the  metal  is  forced  together  as  fast 
as  it  is  heatetl,  the  heating  being  done  first  at  the  center,  and  extending 
outward,  there  b  very  little  chance  for  oxide  to  form  between 
the  surfaces ;  and  if  any  oxidation  does  take  place,  the  oxidizecl  metal 
is  generally  forced  completely  out  of  the  weld  when  the  pic<'cs  are 
forced  together.  The  waste  metal  can  be  easily  removed  by  trimming 
or  grinding  off  the  burr  after  the  weld  is  completed. 

Welds  made  in  this  way  may  be  taken  imme<liately  from  the 
machine,  and  hammered  or  worked  in  the  usual  way,  to  smooth  up 
the  joint.  On  small  work,  it  is  generally  more  practicable  to  smooth 
off  the  burr  on  an  emerv  wheel. 

The  time  required  to  make  a  weld  by  this  process  is  very  short, 
only  a  few  seconds  being  required  to  join  pieces  as  large  as  a  half- 
inch  or  so  in  diameter. 

Welds  made  by  this  method  are  considerably  stronger  than  those 
made  in  the  usual  way.  The  strength  of  a  good  weld  made  by  heating 
in  a  forge  is  about  75  to  80  per  cent  of  that  of  the  original  bar,  whereas, 
by  the  electric  process,  it  is  possible  to  make  welds  as  strong  as  the  bar 
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TABLE    I 

Metals,  Alloys,  and  Combinations  of  Different  Metals 
Welded  by  Thomson  Process 


METALS 


Wrought  Iron 

Wrought 
Copper 

Tin 

Cobalt 

Aluminum 

Gold  (Pure) 

Cast  Iron 

Cast  Copper 

Zinc 

Nickel 

Silver 

Manganese 

Malleable  Iron 

Lead 

Antimony 

Bismuth 

Platinum 

Magnesium 

ALLOYS 


Various 
Grades  of 
Tool  Steel 

Musshet 
Steel 

Wrought 
Brass 

Fuse  Metal 

Aluminum 

Alloyed  with 

Iron 

Silicon 
Bronze 

Various 
Grades  of 
Mild  Steel 

Stubs  Steel 

Cast  Brass 

Type  Metal 

Aluminum 
Brass 

Coin  Silver 

Steel  Castings 

Crescent 
Steel 

Gun  Metal 

Solder  Metal 

Aluminum 
Bronze 

Various 

Grades 

Gold 

Chrome   Steel 

Bessemer 
Steel 

Brass  Com- 
l)osltion 

German 
Silver 

Phos.  Bronze 

COMBINATIONS  OF  METALS 


Copper  to 
Brass 

Brass  to 
Wrought  Iron 

Brass  to  Tin 

Wrought  Iron 
to  Tool  Steel 

Wrought  Iron 

to  Musshet 

Steel 

Wrought  Iron 
to  Nickel 

Copper  to 
Wrought  Iron 

Brass  to 
Cast  Iron 

Brass  to  Mild 
Steel 

Gold  to  Ger- 
man Silver 

Wrought  Iron 
to  Stub  Steel 

Tin  to  Lead 

Copper  to  Ger- 
man Silver 

Tin  to  Zinc 

Wrought  Iron 
to  Cast  Iron 

Gold  to  Silver 

Wrought  Iron 

to  Crescent 

Steel 

Copper  to 
Gold 

Tin  to  Brass 

Wrought  Iron 
to  Cast  Steel 

Gold  to  Plati- 
num 

Wrought  Iron 
to  Cast  Brass 

Copper  to 
Silver 

Brass  to  Ger- 
man Silver 

Wrought  Iron 
to  Mild  Steel 

Silver  to 
Platinum 

Wrought  Iron 

to  German 

Silver 

itself,  while  a  good  average  would  probably  be  about  85  to  90  per 
cent  of  the  full  strength  of  the  section. 

Almost  any  metal  or  combination  of  metals  can  be  welded  by 
the  Thomson  process,  as  the  range  of  temperature  through  which  the 
metal  is  soft  enough  to  weld  has  little  effect  on  the  welding.  As  the 
pieces  are  forced  together  instantly  as  soon  as  soft,  a  metal  which 
melts  with  almost  no  preliminary  softening  can  be  successfully 
handled.  Results  obtained  in  actual  practice  by  the  use  of  the 
Thomson  process  in  the  welding  of  metals  and  alloys,  are  shown  in 
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Table  I,  compiled  by  Mr.  Hermann  I>emp  and  recently  publishe<l 
in  Engineering  Magazine. 

Direct  Method.  On  experimental  work,  when  the  pn)cess  was 
first  used,  what  is  known  as  the  direct  method  was  employed.  The 
apparatus  used  consisted  of  a  generator,  with  clamps  to  hold  the 
pieces  to  Ix;  welded  fastened  directly  to  the  generator  frame.  The 
machines  used  were  low-voltage  dynamos  much  the  same  as  are  now 
used  for  plating  work.  While  such  a  machine  may  be  fairly  satis- 
factory for  experimental  work  in  the  lalxiratory  or  for  very  light  work 
in  a  clean  shop,  it  has  many  unsatisfactory  features  when  used  for 
large  work  on  a  commercial  scale.  It  is,  of  course,  hardly  practi- 
cable to  cany  a  heavy  current  of  low  E.  M.  F.  (generally  less  than  5 
volts)  for  any  distance,  as  the  loss  in  power  through  resistance  would 
be  enormous,  and  the  cost  of  the  heavy  copper  conductors  would 
make  the  process  too  expensive  in  installation. 

The  alx)ve  difficulties  have  developed  what  is  known  as  the 
indirect  process. 

Indirect  Method.  In  this  method  the  power  b  taken  either 
from  the  distributing  circuit  of  a  central  station,  or  from  a  central 
generator  in  the  shop.  The  current  is  carried  to  the  point  where 
the  welding  is  to  be  done,  at  a  comparatively  high-voltage,  and  a 
transformer  is  then  used  to  step  down  to  the  required  E.  M.  F.  This 
transformer,  as  it  has  no  moving  parts,  is  generally  carried  in  the  base 
of  the  welding  machine,  with  the  welding  grips,  as  close  to  the  secon- 
dary coil  of  the  transformer  as  possible. 

The  apparatus  commonly  used  consists  of  the  following: 

An  alternating-current  generator,  or  some  source  of  central  power. 
Some  regulating  apparatus  to  control  flow  of  current. 
A  static  transformer  to  reduce  the  voltage. 

Suitable  mechanical  arrangement  to  clamp  and  force  the  pieces  to  be 
welded  together. 
I 
A  typical  plant  is  outlined  in  Fig.  4,  consisting  of  generator, 

regulator  for  current  control,  switch  for  turning  the  current  on  and 

off,  transformer  for  increasing  the  amperes  and  lowering  the  voltage, 

and  clamps  for  holding  the  pieces  to  he  welded. 

In  welding  of  this  character,  it  is  the  number  of  amperes  (or 

current  strength)  which  is  the  important  factor;  and  only  a  sufficient 

voltage  (or  pressure)  is  maintained  to  force  the  current  through  the 
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work.  The  object  of  the  low  voUage  is,  of  course,  to  cut  down  the 
amount  of  power  required.  This  may  be  easily  seen  from  the  follow- 
ing: Suppose  that  a  certain  weld  requires  a  current  strength  of 
10,000  amperes,  and  assume  that  the  generator  delivers  current 
at  a  voltage  of  100.     Now,  if  a  transformer  be  used  to  reduce  the 


•6CNCRATOR.  -RCSULATOR-  -WCUDCR- 

Fig.  4.    Electric  Welding  Plant,  Indirect  Method. 


voltage  to  10  volts,  and  assuming  no  loss  in  any  of  the  apparatus,  the 
power  used  will  be : 

10,000  X  10  =  100,000    watts; 

and  the  power  delivered  by  the  dynamo  being  the  same,  the  amperes 
delivered  by  the  dynamo  will  be: 
100,000  -^  100  =  1,000  amperes. 

Now,  if  a  transformer  be  used  which  reduces  the  voltage  from  100  to 
5,  instead  of  from  100  to  10,  the  power  used  would  be: 

10,000  X  5  =  50,000    watts; 
and  the  amperes  delivered  by  the  dynamo  will  be: 

60,000  H-  100  =  500  amperes, 

this  being  just  half  of  what  it  was  in  the  first  case.  It  will  be  seen 
from  this,  that  for  economical  operation  the  voltage  should  be  reduced 
as  far  as  possible.  It  should  be  remembered  that  when  working 
with  alternating  current,  the  power  used  cannot  be  taken  as  the  direct 
product  of  the  volts  and  amperes,  a  more  complicated  calculation 
being  necesary;  but  the  principle  illustrated  above  still  holds  good. 

A  diagram  of  a  very  simple  type  of  transformer  is  shown  in 
Fig.  5.  The  primary  or  high-voltage  coil  is  that  on  the  outside,  and 
is  wound  of  fine  wire;  while  the  secondary  or  low-voltage  coil  consists 
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in  this  case  of  one  single,  straight  comiuctor  with  the  terniinui  con- 
nections fastened  to  the  ends.  As  nientione<l  lx*fore  these  terminal 
connections  to  the  welding  clamps  should  be  as  short  as  possible,  on 
account  of  the  low  voltage. 

The  current  is  contn)lled  hy  a  cut-out  switch  and  resistance 
placed  close  to  the  transformer  on  the  primary  circuit.  In  .some  of 
the  later  machines,  the  cut-out  switch,  as  well  as  the  mechanical 
means  used  to  force  the  pieces  together,  is  controlled  automatically. 

The  transformers  are  sul)stantial  in  constniction ;  and  as  there 
are  no  moving  parts,  there  is  little  chance  of  anything  getting  out 
of  order.  The  pieces  to  be  wcldc<l  are  held  in  suitable  clamps  which 
form  the  terminals  of  the  secondary  coils.  ITiese  clamps  are  mountcfl 
on  a  slide  which  allows  them  to  travel  back  and  forth.  The  pieces  to 
be  joined  are  fastened  in  the  clamps,  and  the  current  turned  on;  'Die 
metal  is  heated  at  the  joint,  and  gradually  softens  as  the  heating  is 
continued,  the  pieces  being  forced  together  by  means  of  a  hand-lever, 
or  automatically 
by  the  machine 
itself,  ^^^len  the 
weld  is  completed, 
the  current  is 
turned  off,  and  the 
work  taken  from 
the  clamps. 

A  simple  ma- 
chine which  was 
u.sed  for  some  ex- 
perimental work,  is 

shown  in  Fig.  fi.  The  current  use<l  in  this  particular  case  was  taken 
from  the  lines  of  the  Edi.son  Company  at  220  volts,  antl  was  retluced 
in  the  transformer  to  5  volts.  It  will  be  noticed  that  the  clamps  are 
so  shaped  that  the  work  may  Ix"  instantly  relt*a.setl  when  the  weld 
is  completed,  taken  fwm  the  machine,  and  the  burr  hammered 
smooth  on  an  anvil  if  necessary. 

No  very  great  care  need  be  taken  as  to  the  insulation  on  the 
machine  itself,  as,  at  the  very  low  voltage  use<l,  there  is  very  little 
chance  of  current  leakage.  'Vhe  IhmI  of  this  machine  was  cast  iron; 
and  contact  was  made  by  bringing  the  terminals  of  the  transformer 


Fig.  5.    Simple  Transformer. 
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up  through  the  base  of  the  machine,  and  resting  small  blocks  of 
copper  on  them,  to  which  the  pieces  to  be  welded  were  clamped. 

The  principal  factor  of  cost  in  a  machine  of  this  kind  is  the  copper 
in  the  transformer.  In  the  machine  in  question,  the  copper  terminals 
were  1  by  1^  inches  in  section;  but,  as  the  capacity  of  the  clamps  was 
far  less  than  this,  the  terminal  connections  to  the  clamps  were  made 
only  about  one-quarter  this  size. 

For  purposes  of  experiment,  it  is  possible  to  make  a  weld  by 
simply  clamping  the  pieces  which  are  to  be  joined  to  the  terminal 
wires  of  a  transformer,  by  means  of  wooden  hand-screws,  and  forcing 


PARr^  Af/ilRH£^  -c- 
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Fig.  6.    Diagram  of  Simple  Apparatus  for  Electric  Welding. 


the  pieces  together  with  the  clamps.  It  is  even  possible  to  use  iron 
clamps  without  danger  to  the  operator,  there  being  no  chance  of 
shock  at  such  a  low  voltage.  In  fact,  in  designing  a  machine,  there 
is  no  need  to  insulate  the  machine  from  the  operator,  for  the  reason 
given  above.  This  however  does  not  apply  to  the  high-voltage  side 
of  the  transformer,  which  should  always  be  fully  protected.  On 
the  operating  side  of  large  machines,  a  hand  may  be  placed  on  each 
of  the  terminals  when  the  full  current  is  on,  and  no  shock  or  sensation 
felt. 

Fig.  7  shows  a  cut  of  a  simple  commercial  welder.     This  is  what 
is  known  as  a  hand-machine,  as  the  turning  on  and  off  of  the  current. 
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and  forcing  of  the  pieces  together,  is  done  entirely  hy  hand.  As 
shown  in  the  cut,  the  weld  has  just  been  compieteil,  and  the  finLsh(*d 
piece  is  still  in  the  jaws.  ITie  machine  is  so  arrange*!  that  by  throw- 
ing the  (lamping  levers  when  the  weld  is  completed,  the  work  may 
be  instantly  released.  To  adjust  the  clamps  for  different  thicknesses 
of  work,  the  adjusting  screws  are  usetl;  these  are  shown  on  top  of 
the  ( lamping  jaws,  and  also  just  underneath  the  clamping  levers  at 
the  Imck  of  the  machine.  The  pieces  are  force<l  together  by  means 
of  the  long  lever  and  hand-wheel  at  the  right  of  the  bed-plate.  The 
hand-wheel  is  u.sc<l 
for  (|uick  adjust- 
ment, and  the  lever 
for  the  final  squeeze 
that  does  the  weld- 
ing. 

This  machine 
is  largely  usetl  for 
stniight  and  miscel- 
lan(X)us  work;  has 
a  maximum  capac- 
ity of  1.23  square 
inches  of  iron  or 
steel,  or  .40  scpiare 
inch  of  copper;  nnd 
retpiires,  at  a  max- 
imum, 35  horse- 
power for  60  sec- 
onds. 

The    trans- 
former  is  placed  in  the  heavy  l)e<l  of  the  welder,  as  in  this  way  the 
conductors  carrying  the  welding  current  to  the  jaws  are  made  very 
short,  to  reduce  the  current  loss  to  a  minimum. 

In  o|H*ration,  the  pieces  to  be  weltled  are  placed  in  the  clamps, 
and  brought  close  together  by  the  hand-wheel,  the  current  being  next 
turned  on.  In  a  few  seconds  the  pieces  become  hot  at  the  weld;  and 
as  soon  as  soft,  they  are  forced  ttjgether  by  tlie  long  lever,  and  the 
current  tunied  off.  On  large  work  the  piece  is  then  instantly  taken 
from  the  machine,  ami  the  joint  smoothed  up,  either  in  the  usual  way 


Pig.  7.    Simple  CommercUl  Welder. 
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on  the  anvil,  or  between  suitable  dies  on  a  drop  hammer.     The  work 
is  done  very  rapidly,  and  the  whole  operation  on   a  comparatively 


Fig.  8.    Automatic  Electric  Welding  Machine. 

large  piece  may  be  done  in  two  minutes.     The  time  required  on 
small  work  is  only  a  few  seconds,  including  the  entire  process. 

For  work  where  many  pieces  of  the  same  kind  are  to  be  welded, 
a  machine  may  be  used  which  will  work  automatically.    This  is  of 
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deculetl  udvanUige  in  addition  to  the  spee<l,  as  the  pressure  on  each 
weld  may  be  kept  uniform  and  C"ontrolle<l  exactly,  and  tlie  welds  in 
this  way  ma<le  all  the  same.  It  lias  Int'ii  found  that  wehls  which 
would  Ik'  ahnost  iin|K)ssil)U*  to  make  on  the  hand-ma(  hine  are  easily 
made  with  the  automatic,  as  the  pressure  control  in  the  latter  is  much 
more  exact.  This  advantage  is  most  marked  on  metals  which  are 
very  crumbly  at  liigh  heats,  and  on  small  and  delicate  work. 

A  machine  of  this  ty|x*  .is  shown  in   Fig.  8.     Some  of  these 
machines  not  only  take  care  of  tlie  actual  welding,  but  also  have  dies 


t'lit-  V.     Kxaiiipies  o(  Machine-Made  Welds. 

or  jaws  which  pn\ss  and  fonn  the  joint  to  the  same  shape  and  dimen- 
.sioas  as  the  bar  stock,  thus  ser\ing  the  ct)mbin(Hl  purjxvse  of  heating 
and  .shaping. 

One  of  the  common  uses  that  a  machine  of  this  sort  Ls  put  to 
is  that  of  making  Imm-I  h(M)ps.  'lliese  are  made  of  wire  al)out 
-j'j  inch  in  diameter;  and  as  they  are  intendetl  for  rough  use,  no  effort 
is  made  to  smooth  up  the  joint.  From  300  to  SOO  welds  of  this  sort 
may  l)e  made  per  hour,  and  the  machine  operated  by  a  l)oy.  llie 
average  for  wire  hoo|xs  is  al)out  500  jht  hour,  according  to  figures 
given  by  the  manufacturers  of  the  apparatus. 
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Figs.  9  and  10  show  examples  of  various  kinds  of  welds  made 
by  this  process — from  small  wires  to  large  bars. 

The  shape  of  the  piece  has  very  little  to  do  with  the  welding,  so 
long  as  the  pieces  have  the  same  section  at  the  weld.  I-sections  and 
work  of  that  character  which  it  is  impossible  to  handle  in  the  ordinary 
way,  can  be  worked  as  easily  as  round  or  rectangular  bars.     The  weld 
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Fig.  10.    Examples  of  Machine-Made  Welds. 

of  a  clincher  rim,  shown  in  Fig.  11 ,  is  a  good  example  of  the  ease  with 
which  difficult  work  can  be  handled.  The  cut  shows  the  piece  with 
the  burr  still  left  on  the  weld,  which  is  afterward  smoothed  or  ground 
off,  a  uniform  surface  being  left. 

On  small  work  where  the  joint  is  wanted  smooth,  the  burr  is 
generally  removed  with  an  emery  wheel,  unless  the  operation  is 
performed  in  an  automatic  machine,  in  which  case  the  burr  is  taken 
care  of  by  the  welder  itself. 

Practically  all  the  welds  made  on  the  machine  are  butt  welds; 
and  while  no  particular  preparation  of  the  ends  is  necessary,  still  it  is 
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always  l)est  to  see  that  they  touch  each  other  as  near  the  center  a.s 
possible. 

Fig.  12  illustrates  tlie  action  of  tlie  pieces  in  welding.  In  A  are 
shown  the  pieces  ready  for  the  heating.  It  will  he  noticed  that  the 
ends  are  slightly  convex  in  order  to  bring  the  centers  in  contact  first. 
B  shows  the  pie<'es  as  they  appear  when  the  weld  is  about  half-com- 
pleted, the  shadetl 
portion  showing 
al)out  the  length 
that  is  ordinarily 
heated  by  the  ac- 
tion of  the  current. 
C  shows  the  com- 
pleted weld,  the 
shaded  portion  still  ^^  "    ^'^^^  «*"  '^''^- 

representing  the  extent  of  the  heating. 

One  of  the  noticeable  characteristics  in  connection  with  electric 
welding  is  the  short  distance  from  the  joint  that  the  work  is  heated. 
The  actual  heating  effect  of  the  current  is  confined  almost  entirely 
to  the  weld ;  but  of  course  there  is  some  heating  by  conduction  which 
raises  the  temperature  a  short  distance  from  the  joint.  This  heating 
effect  does  not  extend  very  far,  as  the  time  is  so  short  that  the  heat 
does  not  have  a  chance  to  travel  much.  On  a  piece  }  inch  in  diameter, 
the  bar  may  be  grasped  with  the  bare  hand  within  an  inch  of  the  weld 
immediately  after  the  welding  Is  completed. 

On  account  of  the  above  conditions,  many  machined  and  finished 
pieces  may  be  welded  without  distortion,  very  little  effort  being 
required  to  rcfinish  the  part  heate<l  in  welding. 

In  welding  in  thLs  way,  it  is 
I  [fl  A     I     always  an  advantage  to  have  the 

1     pieces  of  as  near  the  same  sec- 

tion  as  possible  at  the  weld.  For 
I '^M^ S. 1     instance,  it  would  be  a  rather  diffi- 

Flg.  IS.    IlIUKtrattnK  Action  of  Pieces  In       ^..i»  _„„»*   _  *      i  i       i  t 

Electric  wewiug.  ^ult  matter  to  weld  a  bar  of  very 

small  section  directly  against  a 
barof  large  cross-area.  A  metho<l  of  handling  work  of  this  character  is 
shown  in  Fig.  1.3,  where  it  will  l)e  noticed  that  a  sort  of  lug  or  projection 
has  l)cen  left  in  making  the  main  foip'ng,  to  which  the  piece  of 
smaller  section  is  welded. 
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The  difficulty  of  this  sort  of  welding  is  largely  due  to  the  fact 
that  the  bar  having  the  larger  section  will  of  course  radiate  the  heat 
faster,  with  the  result  that  the  smaller  bar  will  become  overheated  and 
burn  long  before  the  larger  bar  is  hot  enough  to  weld.  This  is  over- 
come to  some  extent  by  so  clamping  the  pieces  that  the  piece 
having  the  larger  section  will  project  farther  from  the  clamp  jaw 


Fig.  13.    Illustrating  Method  of  Welding  Pieces  of  Different  Cross-Section. 

than  the  smaller  one  does.  This  will  overcome  a  small  difference 
of  section;  but  when  the  difference  is  great,  the  larger  piece  should 
have  its  section  reduced  to  that  of  the  smaller  for  a  distance  of  about 
one-quarter  inch  at  least. 

On  heavy  work  it  is  necessary  to  force  the  pieces  together  with 
hydraulic  pressure,  it  not  being  practicable  to  obtain  the  pressure 
with  hand-levers.  In  fact,  in  some  machines  the  gripping  also  is 
done  in  this  way. 

WTien  welding  tin,  lead,  zinc,  etc.,  the  pieces  do  not  become 
hot  enough  to  emit  light  or  become  incandescent,  and  the  softening 
of  the  metal  must  be  taken  as  an  indication  of  the  welding  temperature. 
Lead  pipe  can  he  satisfactorily  welded  if  care  is  taken  in  preparing 
the  ends,  which  should  have  the  edges  beveled  in  order  to  reduce  the 
section  that  is  being  heated. 

I^ead  pipe  of  a  comparatively  large  section  can  be  handled,  lead 
offering  considerably  more  resistance  to  the  passage  of  the  current 
than  either  iron  or  copper.  As  a  general  rule,  it  is  easier  to  weld 
electrically  materials  which  have  a  comparatively  high  resistance  than 
those  of  low  resistance;  thus  copper  requires  more  current  than  either 
iron  or  steel;  iron  or  steel,  than  lead ;  etc. 

One  of  the  interesting  applications  of  electric  welding  is  the 
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ELECTRIC  W-ELDING  21 

making  of  continuous  cables  of  Iwth  steel  and  copper,  lliis  is  easily 
done,  and  the  strc-ngth  is  verj'  little  diminished  by  the  process.  (>f 
course  the  cable  is  left  solid  at  the  point  where  the  weld  Ls  made,  as 
the  metal  Ls  completely  fused  into  one  solid  lump;  but  as  this  extends 
for  a  short  distance  only,  scarcely  equal  to  the  diameter  of  the  cable, 
it  is  no  very  serious  objection. 

Chain  and  Ring  Welding.  Chain  links  are  welded  by  this 
method,  although  it  would  seem  that  the  body  of  the  link,  being 
solid,  would  offer  less  resistance  to  the  current  than  the  joint,  with 
the  result  that  the  current,  following  the  path  of  least  resistance, 
would  heat  the  body  of  the  link  and  leave  the  joint  cold.  This  how- 
ever is  not  the  case,  as  the  grips  may  be  placed  close  to  the  joint,  thus 
lowering  the  resistance  across  the  weld  and  increasing  the  resistanc*e 
through  the  solid  metal. 

Another  fact  is  that  while  an  alternating  current  follows  the 
path  of  least  resistance,  it  also  tends  to  take  the  shortest  path  or  the 
path  of  least  counter-induction  or  self-induction,  and  will  not  go 
around  a  ring  as  easily  as  across  the  straight  joint.  ITie  flow  of 
current  around  the  solid  part  of  the  ring  may  be  still  further  checked 
by  placing  in  the  c-enter  of  the  ring  or  link  a  magnetizable  iron  core, 
efTecting  a  greater  counter-induction  force. 

Track  Welding.  Tliis  is  one  of  the  most  important  of  the 
developments  of  the  electric  welding  industr}'.  Various  methods  of 
making  rails  cf)ntinuous  have  lx*en  trie<l,  but  the  most  satisfa<'tory 
seems  to  Ik*  that  of  electric  welding.  As  nearly  all  of  the  street-rail- 
way and  intenirban  work  is  now  electric  traction,  the  problem  of  a 
satisfactory  track  must  \ye  considered  from  the  electrical  as  well  as 
fn)m  the  mechanical  side.  In  other  wonls,  the  track  must  not  only 
present  a  sm(x)th  unbn)ken  path  for  the  wheels  in  order  to  have  the 
cars  rtm  smoothly,  but  the  rails  must  also  be  so  bonded  together  as  to 
make  a  continuous  electrical  conductor.  The  joints  must  have  the 
same  conductivity  as  the  solid  rail,  or  a  greater  conductivity. 

One  of  the  earlier  ways  of  accomplishing  this  was  to  cast  a 
chunk  of  cast  iron  around  the  joint,  completely  enclosing  the  rail  with 
the  exception  of  the  head,  for  a  distance  of  S  or  10  inches.  'Hie 
objection  to  this  was  that  the  body  of  hot  metal  around  the  rail  in  tlie 
casting  process  so  heated  the  head  of  the  rail  that  is  was  annealed 
and  softened  enough  to  cause  excessive  wear,  and  was  soon  worn 
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clown  enough  in  the  immediate  neighborhood  of  the  joint  to  cause  the 
cars  to  bump  when  passing  over. 

These  objections  were  satisfactorily  met  by  the  electric  weld ;  and 
this  process  is  now  almost  universally  used  for  rails  buried  in  tity 
streets,  and  to  some  extent  on  trackage  on  interurban  lines. 

Special  apparatus  is  used  for  this  work,  and  what  is  known  as 
a  welding  train  employed.  The  welding  is  generally  done  under 
contract  by  a  firm  having  the  special  equipment  for  the  purpose,  and 
not  by  the  railroad  company  itself.  The  contractors  clean  the  ends 
of  the  rails  to  be  welded;  shim  the  joints  where  necessary;  make  the 
weld;  and  grind  down  the  head  of  the  rail  to  a  smooth,  even  surface 
after  the  weld  is  made. 

Welding  Train.  The  welding  train  generally  consists  of  four 
cars.  The  first  car,  taken  in  the  order  in  which  they  operate,  is  the 
car  carrying  the  sand-blast  apparatus.  The  next  two  cars  are  the  car 
carrying  the  welding  machine  proper,  and  the  transformer  car.  The 
fourth  car  is  the  one  carrying  the  apparatus  for  grinding  the  rail 
down  to  a  smooth  joint. 

The  operation  of  welding  is  briefly  as  follows 

The  street,  around  the  rail,  is  opened  up  for  a  distance  of  about  two  feet 
each  side  of  the  joint,  making  a  hole  about  four  feet  long  and  two  feet  wide  each 
side  of  the  rail.  The  old  fish  plates  and  bonds  are  then  removed,  and  the 
sides  of  the  rail  cleaned  with  the  sand-blast  apparatus  to  remove  all  scale  and 
dirt.  If  there  is  any  opening  between  the  ra.l  ends,  this  is  now  filled  by  driving 
in  shims  made  of  thin  slices  of  rail  of  the  same  section  as  that  to  be  welded. 
The  welding  cars  then  take  up  the  operation. 

The  plates  to  be  welded  to  the  sides  of  the  rail  are  clamped  in  place,  and 
the  jaws  of  the  welder  are  adjusted  in  position.  The  current  is  then  turned  on ; 
and  when  the  metal  is  hot  enough,  the  weld  is  made  by  forcing  the  jaws  of  the 
welder  together  with  hydraulic  pressure. 

When  the  weld  is  completed,  the  current  is  turned  ofT;  but  the  pressure 
is  kept  on  the  joint  for  a  short  time,  in  order  to  hold  the  plates  in  position  while 
cooling.  This  operation  is  repeated  until  the  three  spots  on  the  plates  are 
welded  to  the  rail.  The  welder  then  moves  on  to  the  next  joint,  and  the  grind- 
ing car  completes  the  work  by  grinding  oflF  the  top  of  the  rail  to  a  smooth, 
flat  surface. 

The  sketch  in  Fig.  14  will  give  an  idea  of  the  sort  of  joint  that  is 
made  by  this  method.  A  plate  about  an  inch  thick  is  welded  each 
side  of  the  rail,  the  welding  being  done  at  three  spots  only,  at  about 
the  locations  shown  by  the  dotted  lines,  one  at  each  end  and  one  in 
the  center. 
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Pig.  14.    Illustrating  Process  of  WeUllDg  a  Kail  Joint. 


Fig.  15  sliows  the  diagram  of  a  .san<l-hlast  car  which  carries  a 
motor  for  running  an  air-compressor,  the  air-compressor  itself,  and 
the  storage  tank  containing  the  sand  under  air  pressure,  llie  motor 
lustnl  in  one  car,  fitted  up  for  this  purpose,  and  used  in  Chicago  by  the 
Lorain  Steel  Company, 
was  of  18  horse-power; 
and  20  pounds  pressure 
was  carrieil  on  the  .sand 
tank.  The  sand  was  forced 
from  the  tank  and  through 
a  flexible  hose,  and  directed  against  the  joint  by  a  small  nozzle. 
The  work  of  cleaning  the  joints  was  quickly  done,  and  the  labor 
of  only  one  man  was  require<l  to  take  care  of  the  car  and  apparatus. 

As  the  current  in  most  street-railway  work  is  continuous,  it  is 
necessary  to  use  a  rotary  converter  to  obtain  power  for  the  welding 
transformer.  In  the  case  mentioned  above,  the  apparatus  used  con- 
sisted of  a  General  Electric  rotary  converter.  Current  was  taken 
from  the  trolley  wire  at  about  000  volts,  and  delivered  from  the 
converter  as   alternating    current,   40    cycles,  at  alxiut   2<S0  volts. 
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Fig.  15.    Diagram  of  Sand-Blast  CAr. 


From  the  converter  the  current  was  carrietl   through  a  potential 
regulator  of  00  to  05  kilowatts  capacity. 

At  this  voltiige  the  current  was  carried  to  the  welding  transformer 
placed  between  the  arms  of  the  welding  machine.  This  machine  is 
shown  in  Fig.  10,  which  illustrates  the  machine  pn)|X'r  detache<l  fmm 
the  car.  In  Fig.  17  is  shown  a  sketch  of  this  welder,  with  a  short 
explanation  of  the  parts.  The  high-potential  current  is  carrietl 
directly  to  the  welding  transformer,  and  the  voltage  b  here  reduced 
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to  about  G  volts.  Probably  the  current  used  at  the  grips  is  alK)ut 
20,000  amperes.  In  the  car  with  the  welder  are  also  motors  and  fans 
used  for  circulating  the  water  through  the  copper  grips  In  order  to 
keep  them  from  being  overheated,  and  also  for  cooling  the  circulating 
water.     There  are  also  motors  for  raising  and  lowering  and  shifting 


Fig.  16.    Electric  Welder. 


the  welding  machine.  The  circulating  water  is  cooled  with  a  fan. 
The  welding  machine  is  carried  on  a  sort  of  crane  controlled  by  a 
long  .screw,  and  may  l)e  shifted  to  bring  the  grips  in  the  projx'r  place 
over  the  joint  to  be  welded.  The  shifting  of  the  welder  is  done  mostly 
by  |x)wer  furnished  from  the  motors  in  the  welding  car. 
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In  Fig.  18  is  shown  a  complete  welding  train  in  operation,  the 
sand-hlast  car  at  the  left,  the  grinder  car  at  the  right,  and,  in  the 
center,  the  two  cars  containing  the  transformer,  the  rc^ilating  ap- 
paratus, and  the  welding  machine  proper.  The  welder  may  Ix? 
tipped  back  or  elevated  to  clear  the  rail  while  the  car  is  being 
moved  forward  to  position  for  another  joint.  TTie  welder  itself  is 
shown  separately  in  Fig.  10.  Fig.  20  is  a  .separate  view  of  a  saml- 
blast  car;  and  Fig.  21,  a  separate  view  of  a  car  for  joint  grinding. 

Each  of  the  cars  of  the  welding  train — with  the  exception  of  the 
transformer  and  welding  cars,  which  are  run  together  as  one  car — 
is  equipped  with  an  ordinary'  motor,  and  runs  .sc|>aratcly  as  a  trolley 
car  in  moving  from  place  to  place. 

In  making  the 
weld,  the  car  is 
brought  to  position, 
and  the  plates  ad- 
justed. This  must  be 
done  with  care,  or  a 
bad  weld  will  result, 
as  will  Ik*  notetl  later. 
Clamps  are  then  put 
on  to  hold  the  plates 
in  the  proper  position, 
the  welding  clamps 
are  grip|)e<l  over  the 
plates,  and  the  current 
turned  on.  The  heat- 
ing is  watched;  and 
as  soon  as  the  plates 

become  retl-hot,  a  flux  is  sprinkled  on  the  joint.  \Mien  the 
heating  has  continuetl  far  enough,  the  jaws  are  force<l  together  with 
the  hydraulic  pump  and  plunger  arrangement,  between  the  upper  ends 
of  the  arms.  The  pressure  brought  to  bear  on  the  joint  is  about  40 
tons.  The  piston  area  is  about  10  square  inches;  the  pressure  on  the 
piston,  about  4,000  pounds  per  square  inch;  and  the  leverage  of 
the  arms,  aliout  2  to  1 — making  the  direct  pressure  alK>ut  as  given 
above.      Fig.  22  is  a  photograph  of  a  completed  weld. 

The  plate  used  on  the  side  of  the  rail  b  shown  in  detail  in  Fig.  23. 
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The  dimensions  are  22 
inches  by  4  inches  by  1  inch, 
the  last  being  the  thickness. 
The  plates  are  uniform  in 
thickness,  with  the  excep- 
tion of  three  contact-'points 
raised  on  them,  one  at 
either  end  and  one  in  the 
center,  the  object  being  to 
concentrate  the  heating  at 
these  points.  It  will  be 
noticed  that  these  points 
are  not  flat,  but  are  stepped, 
still  further  concentrating 
the  effect  of  heating  at  the 
start  of  the  welding  process. 
When  the  weld  iscompleted, 
these  spots  have  been  flat- 
tened out  so  far  that  the  bar 
is  brought  in  contact  with 
the  rail  web.  In  a  finished 
joint,  there  is  about  30 
square  inches  of  welded 
surface  on  both  sides  of 
the  rail. 

Care  must  be  taken  to  see 
that  the  ends  of  the  plate 
are  matched  up  on  the  two 
sides  of  the  rail,  or  the 
twisting  action  of  the  weld- 
ing pressure  will  cause  the 
weld  to  crack  open  in 
cooling.  On  one  occasion, 
in  connection  with  work 
of  this  character,  observa- 
tion showed  that  defec- 
tive welds  were  resulting, 
and     it    was     discovered 
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lliat  thf  oikI.s  of  the  weld  plates  extended  l)ey<)nd  the  ends  of  the 
wehlinj;  surfaces.  In  other  words,  instead  of  ending  at  the  welding 
spot  as  shown  in  Fig.  23,  the  wehl  plates  extended  for  a  short  distance 
In-yond,  as  shown  in  Fig.  24.  As  this  distance  was  not  uniform,  and 
as  the  plates  were  placeil  by  bringing  their  ends  even,  the  result  was 


Flp.  19.    Welder  Car. 
Lorain  St«el  Company,  Johnstown,  Pa. 


that  the  welding  spots  were  not  brought  opposite  each  other,  and  a 
st)rt  of  twisting  action  took  place,  causing  the  welds  to  crack  op<Mi 
occasionally,  ^^'hen  this  was  discoveretl,  the  entls  of  the  plates 
were  trimmed  off  to  a  uniform  length,  and  no  further  trouble  re- 
sult(Hl. 

The  effect  of  placing  with  uneven  ends  is  shown  in  Fig.  25, 
where  tlic  ends  are  placc<l  in  line,  thus  throwing  the  lugs  out  of  true. 
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ITie  actual  time  required  for  welding — that  is,  the  time  the  cur- 
rent is  on — is  about  2^  to  3\  minutes  for  each  point  of  contact,  of 
which  there  are  three  at  each  joint;  the  variation  in  time  being 
largely  due  to  fluctuations  in  the  line  current,  which,  as  it  is  taken 
from  the  trolley  circuit,  varies  to  some  extent.  On  end  welds,  the 
clamps  are  kept  on  under  pressure  for  three  minutes  after  the  weld  is 


Fig.  20.  Sand-Blast  Car.  Lorain  Steel  Company,  Johnstown,  Pa. 
made  and  the  current  turned  off.  The  center  weld  is  clamped  in 
this  way  only  one  minute.  Such  cooling  under  pressure  was  found 
necessary  to  insure  good  welds.  When  the  clamps  were  released 
immediately  after  the  current  was  turned  off,  it  was  found  that 
frequendy  the  weld  would  crack  open  in  cooling,  making  a  very  large 
percentage  of  bad  welds. 

The  heat  is  so  localized  that  the  head  of  the  rail  is  never  redrhot 
during  the  entire  process,  with  the  result  that  it  is  not  softened,  and 
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Fig.  »1.    Car  for  Joint  Grinding. 
Lorain  Steel  Company,  Johnstown,  Pa. 


Pig.  SI    El«>ctrlc*Uy  Welded  Joint. 
Lormln  Steel  CompAnr,  Johnstown,  Pe. 
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excessive  wear  does  not  take  place  at  the  joint,  as  is  liable  to  be  the 
case  with  the  old  method  of  cast  welding. 

The  welds  here  illustrated  were  made  under  contract,  thecontract- 
ing  company  furnishing  the  welding  train  and  men,  the  railroad  com- 
pany furnishing  the  current.  The  usual  charge  is  $5.25  per  joint,  the 
welding  company  to  replace  any  welds  proving  defective  within  one 
year.    The  percent- 
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Fig.  23.    Plate  Used  In  Rail  Welding. 


f About {" 

age  of  good  welds  is 
over  99  per  cent. 
This  price  seems  to 
be  practically  uni- 
versal but  a  slight 
difference  is  some- 
times made  in  the 
terms  for  replacing  defective  joints,  in  some  cases  the  welding 
company  agreeing  to  pay  back  about  twice  the  original  cost  of 
the  weld  for  every  defective  joint. 

The  welds  are  finished  by  grinding  with  the  portable  grinding 
rig  carried  on  a  separate  car.  The  arrangement  of  this  car  is  shown 
in  Fig.  26.  A  5-horse-power  motor  is  attached  to  each  grinder,  one 
on  each  side  of  the  car.  Each  motor  runs  its  own  grinder  only. 
The  emery  wheels  are  about  14  inches  in  diameter,  with  a  2-inch 
face,  and  are  adjusted  with  the  screws  as  shown.  It  requires  from 
5  to  10  minutes  to  dress  the  rail  down  to  a  smooth,  even  surface.  The 
leveling  is  done  with  a  straight  edge.     The  grinder  is  so  fixed  that  it 

may  be  moved  back  and  forth  on  the 
rail,  the  grinding  wheel  being  raised  or 
lowered  by  means  of  the  adjusting  screw 
on  the  front  end  of  the  carriage.  The 
jointed  frame  keeps  the  belts  tight  and 
allows  the  forward  and  back  motion,  at 
the  same  time  preventing  much  move- 
ment sideways.     One  motor  only  at  a  time  is  used. 

There  is  another  process  of  rail  welding,  in  which  a  liquid  flux 
is  used.  This  process  has  been  experimented  with,  but  has  not  yet 
been  perfected.  A  mould  is  clamped  around  the  joint;  the  current 
is  turned  on;  and  the  flux,  which  has  previously  been  heated  and 
melted  in  a  crucible,  is  poured  into  the  mould.     Welding  clamps 


Fig.  24.    Weld  Plate  Extending 
Beyond  Joint. 
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similar  to  those  used  ip  the  Thomson  proeess  are  employe<l,  and 
plates  are  welded  to  the  side  of  the  rail  in  much  the  same  manner. 
This  process,  in  fact,  is  much  the  same  as  the  'ITiomson,  except  that  a 
slightly  higher  voltage  is  use<l,  a  melte<l  flux  is  employe<l,  and  the 
welding  grips  are  surrounded  hy  a  mould  to  hold  the  molten  flux  in 
place.     The  inventors  claim  that  less  power  is  rec|uire<l,  and  that 


Fig.  K.    Showing  Effect  of  Uneven  Placing  of  Plateti. 

work  may  be  done  more  cheaply  than  by  the  Thomson  method.  In 
the  experimental  car  usefl,  the  transformer  for  the  final  reduction  in 
voltage  was  placed  in  the  car  itself,  and  the  low-voltage  current  carried 
throi:gh  wires  to  the  welding  grips.  A  large  switchboard  was  pro- 
vided in  the  front  end  of  the  car,  equipped  with  means  for  changing 
the  voltage  at  the  grips,  as  a  constant  voltage  was  not  used  throughout 
the   process. 

Rail  Welding  Labor  and  Costs.  The  schedule  given  below 
shows  approximately  the  labor  retjuiretl  to  nm  the  welding  train, 
including  the  cleaning  of  the  joint  with  the  sand-blast,  shimming, 


Fig.  90.    Diagram  of  Grinder  Car. 

actual  welding,  and  grinding  of  the  finished  weld.     Two  gangs  are 

used,  one  day  and  one  night;  but  only  one  foreman  is  used  to  look  after 

Ixjth  gangs.     For  one  gang  only,  including  the  foreman  who  takes 

care  of  both  gangs,  the  .sche<lule  of  labor  is  as  follows: 

1  Foreman. 

1  Sand-blaat  man. 
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1  Welder  man. 

2  "         "    helpers. 
1  Dynamo  man. 

1  Grinder  man. 
This  makes  a  total  of  13  men  for  both   day  and  night  gangs,  which  force  of 
men  will  make  about  70  to  75  joints  of  three  welds  each  per  day. 

The  dynamo  man  is  stationed  in  the  transformer  car,  where 
instruments  are  provided  for  keeping  track  of  the  voltage,  power 
used,  etc.  This  man  also  keeps  track  of  the  time  on  the  welding, 
signaling  the  welder  when  to  release  the  grips  after  the  weld  is  com- 
pleted. The  turning  of  the  current  on  and  off  is  done  by  the  men 
at  the  welder. 

The  time  on  each  joint  is  about  19  minutes,  each  weld  requiring 
about  6  minutes,  a  minute  more  being  taken  to  move  from  joint  to 
joint. 

Mr.  P.  Ney  Wilson*  gives  the  following  data  of  some  work  done 
in  New  Jersey.  The  welding  was  done  by  the  Lorain  Steel  Company, 
at  a  contract  price  of  S5.25  per  joint  for  the  welding  alone. 

In  figuring  the  cost  to  the  railway  company  for  opening  the 
street  around  the  joints,  and  relaying  the  pavement  after  the  welding 
was  done,  the  labor  cost  is  taken  as  15  cents  per  hour — or  rather,  the 
labor  has  been  calculated  to  this  average  basis  per  hour.  Rails  were 
of  7-inch  girder  type  similar  to  Cambria  No  824;  number  of  men 
employed,  98;  joints  per  day,  64;  data  taken  from  about  3,000  joints; 
street  opened  up  in  each  case,  and  returned  to  original  condition 
after  weld  was  made. 

Cost  per  joint — {average  results  on  over  3,000  joints) : 

Preparing  joint,  opening  street,  etc.  $2,277 

Material  (saws,  tools,  etc.)  .188 


Total  $2,465 

Credit  for  scrap  (old  bond,  etc.)  .912 

Net  cost  $1,553 

Replacing  asphalt  .832 

Contract  price  for  weld  5.25 

Net  cost  per  joint  completed  $7,635 
The  credit  made  above  for  scrap  includes  the  amount  realized  from  the 
Belling  of  the  old  fish-plates,  copper  bonds,  etc. 


*  Engineering— Conlracling.  March  20,  1907. 
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On  some  other  work  the  same  author  gives  the  following: 

7-in.  girder  raib,  60-ft.  lengths,  Peon.  St«el  Co.  No.  238  and  Cambria 
No.  824. 

Pavement,  Belgian  block  on  sand  foundation. 

Average  number  of  men  employed,  103.7,  at  15  c.  per  hour. 

Cost  of  fitting  joint  for  welding  after  deducting  credit  for  scrap,  $1,433 

On  another  street  where  same  rail  was  used  in  30-  and  GO-foot 
lengths : 

84.6  men,  15  c.  per  hour. 

Average  juints  p»'r  day,  GO.  • 

Grofls  cost  of  fitting  for  each  joint,    $2,292. 
Net        "      "         "       "       "         "       $1  382. 

This  same  joint  was  also  used  on  some  intenirban  work  near 
Providence,  II.  I.,  where  the  rails  were  exposed  to  the  air;  but  in  this 
case  an  expansion  joint  was  used  alx)ut  ever}'  1 ,000  feet.  'ITie  track 
was  laid  with  T-rail,  and  was  alx)ut  .six  miles  long. 

Wire  Welding.  On  telegraph  wire,  the  Hoebling  Company 
are  reported  to  make,  on  an  average,  about  600  welds  per  day.  A 
large  portion  of  the  time,  however,  is  taken  in  handling  the  heavy  coils 
of  wire. 

Small  wire  loops  and  steel  rings  are  made  by  the  Thomson 
Company  at  the  rate  of  from  1 ,000  to  3,000  per  day  of  ten  hours. 

Direct  and  Alternating  Current.  On  .small  work,  direct 
current  may  be  usetl;  bui  for  heavy  pieces,  there  is  a  decided 
advantage  in  alternating  current,  'llie  final  results  obtained  are 
about  the  same  whether  direct  or  alternating  current  Ik'  employe<l; 
and  in  fact  a  storage  batter}'  may  \)C  u.setl,  if  designed  for  very  rapitl 
discharge. 

Nearly  all  welders  are  built  for  alternating  current,  the  reason 
being  that  the  heaviest  current  i.s  carrie<l  on  or  near  the  .surface  of  tlie 
conductor;  and  as  it  is  here  that  the  greatest  nuliation  takes  place, 
the  useful  heating  effect  of  alternating  current  is  thus  greater  than 
that  of  direct  current  of  the  same  strength. 

It  is  theoretically  po.ssible  to  weld  .sections  of  any  size  wiUi  a 
small  current;  but  in  practice  it  is  found  that  tlie  rapid  radiation  of 
heat  from  the  surface  of  the  metal  must  be  taken  into  account.  On 
lai^  work,  when  a  small  current  is  u.setl,  a  point  is  reached  where 
the  radiation  will  (>({ual  the  heating  effect  of  the  current,  ami  then 
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Fig.  27.    Ball  or  Collar  Formed  at  Joint  of  Electrically 
Heated  Pieces. 


the  temperature  remains  constant.     When  this  is  the  ease,  the  remedy 
is  to  use  a  greater  current  strength. 

Heating  in  Welder.  The  same  process  that  is  used  in 
welding  may  be  employed  in  any  heating  operation.  Pieces  are 
sometimes  heated  between  the  clamps  of  the  welder,  and  upset  to 
form  a  sort  of  ball  or  collar,  as  illustrated  in  Fig.  27.     The  same 

method  is  also  used 
to  fasten  collars  to 
shafts  by  a  sort  of 
riveting.  The  collar 
is  made  a  loose  fit 
on  the  shaft,  and 
is  slipped  on  into 
position,  the  shaft  being  then  gripped  in  the  jaws  of  the  machine  in 
such  a  way  as  to  bring  the  collar  midway  between  the  two.  The 
shaft  is  heated,  and,  when  the  pressure  is  applied,  is  upset  tightly 
into  the  hole  in  the  collar  and  against  the  sides,  somewhat  as  shown 
in  Fig.  28,  thus  firmly  clamping  the  collar  in  place. 

Where  it  is  desired  to  heat  only  the  end  of  a  bar,  the  submersion 
method  may  be  used;  but  when  the  center  of  a  bar  is  to  be  heated,  the 
Thomson  process  is  the  better.  In  the  latter  case,  the  bar  is  gripped 
in  the  clamps  in  the  usual  way,  with  the  part  to  be  heated  between 
the  two  jaws;  the  current  is  turned  on;  and  the  heating  is  continued 
until  the  metal  is  raised  to  the  desired  temperature,  when  the  current 
is  turned  off,  and 
the  bar  taken  from 
the  machine  and 
treated  in  any  way 
desired  A  bar  may 
be  heated  at  one 
end  only,  in  a 
Thomson  welder,  by  gripping  the  piece  in  one  jaw  and  butting  it 
against  a  much  heavier  piece  held  in  the  other  jaw.  The  heat- 
ing will  be  confined  almost  entirely  to  the  smaller  bar  if  there  is  a 
large  difference  in  section  between  the  two. 

Brazing  and  soldering  may  be  done  in  this  same  way;  but  of 
course  the  amount  of  heat  used  is  very  much  smaller  and  must  be 
more  carefully  regulated.     When  preparing  for  brazing,  the  pieces 


Fig.  28.    Collar  Fastened  to  Shaft. 
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may  l>e  placed  top*thrr  In  exactly  the  right  position,  ami  brass  pro- 
videtl  for  the  joint  in  the  shaix*  of  n>lle(l  or  .slu*et  hrass  placed  over 
(or  in)  the  crack  Ix-tween  the  pieces.  The  flux  is  added,  and  the 
heating  done  in  the  usual  way. 

Rail  Bonding.  A  moilifi- 
cation  of  the  wcKling  process 
is  sometimes  used  for  fastening 
Itonds  to  the  sides  of  rails, 
joined  by  the  old  fish-plate 
method,  in  order  to  make  a 
continuous  electrical  conductor. 
In  this  work,  the  current  re(|uired  Ix'ing  very  light,  all  of  the 
apparatus  is  carried  in  one  car.  'ITie  work  is  really  soldering, 
and  not  welding.  The  bonds  are  sweated  against  the  side  of  the  rail 
head  on  the  outside  of  the  track.      Fig.  29  shows  the  shape  and 


Fig.  W.    Rail  Bond  Sweated  against  the 
Side  of   the  Rail  Head  on 
Outside  of  Traclc. 


Fig.  sa    Swltcb-Plece.  Showing  Method  of  Bonding  around  Same  bsr  means  of  Copper 
Cable  with  Knds  Weldedi  to  RaiL 

location  of  the  lM)nd  nse<l.  The  top  of  the  lx)nd  is  alxiut  flush  with 
the  top  of  the  rail.  The  joint  is  sometimes  touche<l  up  with  a  small 
portable  hand-grinder,  power  for  which  is  obtained  from  a  wire 
fastened  to  a  pole  and  hooke<l  over  the  tn)lley  wire.  Fig.  30  illus- 
trates the  method  of  boiuling  a  switch-piece. 
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Power  Required  for  Welding;  Miscellaneous  Data.  It  is  al- 
most impossible  to  give  the  exact  amount  of  power  required  for  welding 
work  of  a  given  section,  without  taking  into  consideration  the  shape 
of  the  section  and  the  time  taken.  Both  of  these  elements  influence 
the  results  to  a  large  extent.  It  is  possible,  however,  to  state  certain 
rough  general  rules,  and  to  set  forth  the  results  of  commercial  work 
and  experiments,  which  will  serve  as  a  guide  for  approximately  esti- 
mating the  amount  of  power  and  time  required. 

*  The  shorter  the  time  taken,  the  less  current  is  taken  in  proportion, 
as  the  heat  is  radiated  only  at  a  certain  definite  rate,  and  consequently 
less  energy  will  be  lost  during  a  short  time. 

Sir  Fred  Bramwell*  gives  data  from  the  results  of  an  extensive 
series  of  experiments.  The  electrical  readings  were  reported  by 
Sylvanus  P.  Thompson;  and  in  the  discussion,  considerable  data  on 
American  practice  were  ^iven  by  Professor  Kennedy.  The  data 
given  in  the  above  paper  met  with  the  approval  of  Elihu  Thomson, 
and  may  be  taken  as  probably  representing  good  practice. 

The  particular  form  of  electrical  energy  needed  is  large  current 
and  low  pressure,  as  the  pressure  (voltage)  has  nothing  to  do  with  the 
heating  property  of  the  current,  merely  serving  to  force  it  through  the 
metal. 

Experiments  on  a  number  of  welds  with  round  iron  1^  inches 
in  diameter  gave  the  following  results: 

Average  time,  2\  minutes,  found  by  taking  the  total  time,  and 
dividing  by  the  number  of  welds  made. 

Actual  time  the  current  was  on,  about  26  seconds  for  each  weld. 

About  23.6  horse-power  was  required,  this  being  the  total  load 
on  the  engine  and  including  the  engine,  dynamo,  and  transformer 
losses. 

Table  II,  compiled  by  S.  P.  Thompson,  gives  the  results  from 
readings  taken  between  generator  and  welder,  thus  including  the  loss 
in  the  machine  and  welding  transformer  only.  Average  results  are 
given,  but  the  individual  readings  did  not  vary  much  from  the  average. 

Exact  proportions  between  power  required  and  cross-sectional 
area  cannot  be  given,  as  radiation  has  considerable  to  do  with  the 
power  absorbed,  and  a  thin  rectangular  bar  will  radiate  heat  faster 
than  a  round  one  of  the  same  area. 

•  Proceedings  of  the  Institution  of  Civil  Engineers  of  Great  Britain,  Paper  No.  2460. 
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Site  of  stock 


TABLE  II 
Data  of  Welding:  Operations 


Time  current  wan  on  (seconds) 
Power  used  (kilowatts) 
Power  u»ed  (horse- power) 
Area  of  section  (wjuare  inches) 
Horse-power  used  per  square  inch 


17.5 


Ui  In.  tllaiii. 
WrouKhl  Iron 

^4  lu.Ulani. 

smn.bYijiln. 
Wruutfbt  Iron 

32 

16 

28.5 

13  17 

11  4 

24  98 

17  5 

15  2 

33  4 

1  00 

44 

2  81 

Kennedy  gives  the  following  as  American  practice: 

Standard  projection  of  each  piece  from  jaw.s  of  welder,  distance  equal  to 
diameter,  making  distance  between  jaws  of  welder  equal  to  twice  diameter  of 
work. 

Standard  time  for  1-inch  bar,  40  seconds;  other  sizes  in  proportion. 

Length  of  part  heated,  to  vary  about  as  the  diameter. 

Horse-power  to  vary  about  as  the  square  of  the  diameter,  horse-power 
per  sc]uare  inch  to  remain  constant. 

As  the  result  of  a  series  of  experiments  the  horse-power  per 
square  inch  is  given  as  follows: 


1-inch  bar,  wrought  iron 

i 

1       "        "     <\ro] 

3         


.20.0  Horse-power 
ll»  3 
20  4 
23  4 
20  5 

i 19.6 

This  makes  the  horse-power  per  square  inch  practically  constant ;  but  it 
will  be  noted  that  no  account  is  taken  of  the  time,  which  may  be  varied  in  such 
a  way  as  to  make  the  horse-power  always  constant. 

The  above  data  gives  enough  information  to  enable  the  making 
of  a  fairly  accurate  estimate  of  the  amount  of  power  required  in  any 
particular  case. 

Another  method  of  estimating,  given  by  Mr.  Hermann  Ix»mp  in 
Engineering  Magazine,  xs  hasvd  on  the  a.ssuniption  that  it  takes  alx)ut 
7  horse-power-niinutes  to  raise  one  cubic  inch  of  metal  to  the  welding 
temperature.  This  is  practically  the  .same  for  copper,  bra.ss,  and 
iron — with  the  distinction,  however,  that  for  metals  which  conduct 
heat  easily,  a  shorter  time  and  correspoiulingly  greater  current  strength 
must  l)e  used  to  prevent  excessive  lo.ss  from  radiation  and  (xinduction. 
When  the  pieces  are  lx)th  short  and  wide,  making  the  conduction  by 
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the  clamps  great,  from  10  to  15  horse-power-minutes  per  cubic  inch 
are  required. 

Axle  and  Tire  Welding.     The   figures  given  in  Table  III  are 
based  on  data  given  by  Mr.  Fred  P.  Royce  in  The  Iron  Age. 

TABLE  III 
Axle  and  Tire  Welding 


AXLE  WELDING 

Size  Stock 

POWF.B 

Used 

1 
Time 

Area   in 
Sq.   In. 

Power  Used 
PER  Sq.  In. 

1  -in.  round 

25 

H.P. 

45  sec. 

.785 

32.0  H.P. 

1  -in.  scjuare 

.'iO 

48     " 

1.000 

30 .0     " 

IJ-in.  round 

35 

60     " 

1.227 

28.5     " 

1^-in.  square 

40 

70     " 

1.563 

25.6     " 

2  -in.  round 

75 

95     " 

3.142 

24.0     " 

2  -in.  square 

90 

100     " 

4.000 

22.5     " 

TIRE  WELDING 

1  -in.  by  %  in. 

11 

H.P. 

15  sec. 

.198 

58  H.P. 

IHn-  by  1  in. 

23 

25     " 

.470 

49     " 

IJ-in.  by  f  in. 

20 

30     " 

.561 

36     " 

li-in-  by  i  in. 

23 

40     " 

.750 

31     " 

2  -in.  by  ^  in. 

29 

55     " 

1.000 

29     " 

2  -in.  by  J  in. 

42 

62     " 

1.500 

28     " 

The  radiating  effect  of  the  thin  flat  section  is  well  illustrated  by 
the  1  in.  by  ^\  in.  tire,  where  58  H.  P.  per  square  inch  was  required 
to  make  the  weld ;  while  with  the  comparatively  heavy  2  inch  by  h  inch 
*ire,  the  power  was  much  less,  being  only  29  H.  P.  per  square  inch. 

It  will  be  noticed  from  Table  III,  that  a  greater  amount  of  power 
p^  r  square  inch  is  required  to  weld  pieces  of  small  area  than  those 
of  larger  section. 

A  safe  rule  to  follow  on  average  work  would  be  to  allow  about 
40  H.  P.  per  square  inch  on  pieces  of  from  .05  square  inch  in  cross- 
section  to  alx)ut  .75  square  inch;  while  above  this  size,  from  30  to  20 
H.  P.  would  seem  to  be  about  right,  depending  on  the  shape  of  the 
section,  30  II.  P.  to  be  used  for  flat  sections,  and  20  H.  P.  for  sections 
approximately  round  or  square. 
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TABLE  IV 

Power  and  Time  Requirements  for  Electric  Weldinjc  of  Round  Iron 
or  Steel  Bars  and  Heavy  Iron  Pipe 

ROUND  IRON  OR  STEEL 


DiAMKTKK 

Area 

H.  P.  Applieq 
TO  Dymamo 

TiMB  I.S 

Skconm 

{  in. 

.05 

2. 

10 

i    " 

.10 

4.2 

15 

h    " 

.20 

6.6 

20 

A      « 

.30 

9. 

25 

3        « 

.46 

13.3 

30 

EXTRA  HEAVY  IRON  PIPE 


Insidr 

DiAMKTKII 

Area 

H.  P.  Applied 
TO  Dynamo 

Time  in 
Secondr 

i  in. 

.30 

8.9 

33 

}    *' 

.40 

10  5 

40 

1      " 

.60 

16  4 

47 

n  " 

.79 

22 

53 

14   " 

1    10 

32  3 

70 

2    •' 

1  65 

42 

84^ 

2J    " 

2  25 

6:^7 

93 

3    " 

3. 

96.2 

106 

TABLE  V 

General  Table  of  Power  and  Time  Requirements  for  Electric  Welding 
of  Iron,  Steel,  and  Copper 


IRON  AND  STEEL 

CX>PPER 

Area  in 
Square 
Inchmi 

TlMK  IN 

Skcondr 

H.  P. 

Appueo  to 

Dynamo 

Area  in 
Square 
Inchk* 

Time  in 
Seconds 

HP. 

Applied  to 

Dynamo 

0.5 

1. 

1.5 

2. 

2.5 

3. 

3.5 

4. 

33 
45 
55 
65 
70 
78 
85 

14.4 
28.0 
39.4 
48  6 
57.0 
65.4 
73.7 
83.8 

.125 
25 
.375 
.5 

.625 
.76 
.875 
1. 

8 
11 
13 
16 
18 
21 
22 
23 

10. 

23.4 

31.8 

42 

51.9 

61.2 

72.9 

82.1 
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General  Tables  of  Power  and  Time  Requirements.  The  data 
in  Tables  IV  and  \  are  given  by  the  Thomson  Electric  Welding  Com- 
pany, and  may  be  taken  to  represent  current  practice  on  commercial 
work. 

It  will  be  noted  that  the  power  as  given  is  the  power  required 
to  run  the  dynamo,  and  thus  includes  all  losses  in  dynamo,  trans- 
former, and  welding  machine  proper. 

COMMERCIAL  WELDING 

Electric  welding  has  developed  so  far  now  that  there  are  companies 
organized  to  do  commercial  welding  on  a  large  scale.  In  fact,  many 
articles  which  are  ordinarily  very  expensive  to  produce  may  be  made 
very  cheaply  by  this  welding  process.  Cap  screws,  for  instance,  are 
now  being  made  by  a  welding  process,  in  place  of  the  usual  method 
of  turning  down  the  body  from  stock  the  size  and  shape  of  the  head. 
By  the  old  method,  the  shank  of  the  bolt  was  turned  down  from  bar 
stock  of  the  same  section  as  the  head.  When  the  shank  was  long, 
this  necessitated  an  enormous  loss  of  material.  By  the  electric 
method,  tHe  head  is  made  with  a  short  stub  for  a  shank,  alxjut  a 
quarter-inch  or  so  in  length,  and  to  this  short  stub  is  welded  the 

finished  shank  in  any  length 
desired.  Ordinarily  cap  screws 
are  made  of  a  sized  stock  which 
leaves  a  very  small  head,  in  order 

Fig.  3..    Cap  Screw.  *' 

to  save  stock;  but  when  the  elec- 
tric method  is  used,  any  sized  head  may  be  welded  to  the  <lesired 
shank  without  loss  of  stock. 

In  Fig.  31  is  shown  a  sketch  of  a  cap  screw  made  in  this  manner, 
showing  the  parts  before  they  are  put  together.  The  welding  of 
course  raises  a  burr,  which  may  be  removed  easily  by  grinding  or  by 
taking  a  finishing  cut  in  a  lathe.  . 

This  method  of  welding  has  almost  developed  a  new  industry,  as 
many  parts  are  now  made  from  forgings,  which  were  almost 
impossible  to  make  that  way  before  on  account  of  the  enormous  cost 
of  the  dies.  Thus  the  cost  of  making  the  automobile  forging  shown 
in  Fig.  32  would  be  almost  prohibitive  if  forged  in  one  solid  piece;  but 
by  making  in  several  pieces  and  then  welding,  the  work  is  much 
simplified  and  the  cost  greatly  reduced. 


fl 
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In  Fig.  33  is  another  piece  of  work — a  valve-stem  for  a  gas 
engine — the  making  of  which  is  much  simpHfied  by  electric  welding. 
If  this  piece  were  to  Ix*  forged  solid,  it  could  of  course  Ik*  made  in 
dies  by  drop  forging;  and  while  this  is  perfectly  practicable  when 
lots  of  several  thousand  arc  made  at  once,  if  only  a  few  hundred  or  a 


Fig.  39.    Automobile  Forging  Made  of  Separate  Parts  Elecirk-ally  Welded  Together. 

few  dozen  arc  rcc|uin'<l,  the  welding  process  greatly  .simplifies  the 
matter.  The  separate  pieces  may  be  made  on  the  screw  machine, 
and  then  welded  and  a  cut  taken  to  smooth  up  the  stem. 

Still  another  sort  of  weld  is  .shown  in  Fig.  13  where  the  work 
is  shown  after  welding  but  before  the  burr  has  been  removed. 

Fig.  1 1  shows  a  weld  in  a  section  of  clincher  rim,  a  piece  of  work 
which  it  would  be  almost  impossible  to  weld  by  any  other  metho<l. 

The  applications  of  electric  welding  are  almost  unlimited,  and 
in  some  fields  have  made  possible  work  which  otherwi.se  might  be 
impossi}>le  to  accomplish. 

Many  tools  require  a  very  /Tl 

hard  cutting  e<lge  and  a 
very  tough  shank;  these 
may  be  obtained  by 
welding  a  high-carbon 
steel  for  the  cutting  part  *^- 

of  the  tool  to  a  low-carbon 

machine-steel  shank.  High-speed  or  air-hanlening  steel  may  be 
used  in  the  .same  manner.  This  not  only  saves  on  the  first  cost;  but 
a  l)etter  tool  is  the  result,  as  there  is  less  chance  of  breakage  in  the 
shank. 

Action    of   Various  Metals   in  Electric  Welding.     Mr.  Elihu 


[ 


=][ 


4^ 

Oas-Engine  Valre-St«in. 
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Thomson*  gives  some  interesting  data  regarding  the  action  of  variou-* 
metals  in  the  electric  welder: 

Tin  can  be  welded  with  ease;  also  antimony  and  bismuth. 

Aluminum  requires  precautions;  but  welds  can  be  made,  and,  when  done 
right,  the  results  are  good.  Hand  electric  welding  is  not  good  for  aluminum; 
but  with  automatic  machines,  almost  uniformly  good  results  are  obtained. 

Brass  requires  much  greater  current  strength  than  wrought  iron,  although 
the  specific  resistance  of  cold  iron  is  almost  the  same  as  that  of  brass.  As 
the  heat  of  the  metal  rises,  however,  resistance  increases  only  slightly  with 
brass  and  German  silver,  while  the  increase  with  iron  is  large. 

Brass  seems  to  soften  hardly  at  all  when  heated,  passing  almost  imme- 
diately from  solid  to  liquid,  and,  if  too  great  pressure  is  used,  will  crumble 
and  make  a  rather  poor  joint. 

Some  bronzes — notably  aluminum  bronze — show  some  plasticity  before 
fusion. 

Copper  is  a  good  conductor,  and  radiates  heat  easily.  About  one  volt 
is  required  across  terminals,  and  welding  should  be  done  rapidly  in  order  to 
lose  a  minimum  amount  of  energy  through  radiation. 

As  a  general  rule,  a  flux  should  be  used  on  metals  whose  oxides  melt  at 
higher  temperatures  than  the  metals.  Brass  should  be  fluxed,  copper  not. 
Covering  action  of  flux  is  useful  in  most  cases.  No  flux  is  required  on  soft  iron; 
but  heat  which  welds  soft  iron  would  ruin  steel,  so  that  flux  is  required  on 
steel. 

RECENT  APPLICATIONS 

One  of  the  most  recent  and  interesting  applications  of  electric 
welding  is  that  of  making  the  side  joints  on  ordinary  hot-water  tanks 
such  as  are  found  attached  to  kitchen  stoves. 

The  following  cuts  and  descriptive  matter,  for  which  the  author 
is  indebted  to  E.  A.  Suverkrop  and  the  American  Machinist  is  not 
only  of  interest  on  account  of  the  process  used,  but  also  as  giving  a 
comparison  of  cost  and  strength  between  this  and  other  methods  of 
doing  this  sort  of  work. 

The  work  described  is  done  at  the  works  of  the  John  Wood 
Manufacturing  Co.,  Conshohocken,  Pa.,  where  800  to  1,000  boilers 
are  made  every  twenty-four  hours. 

tThe  raw  material  in  the  shape  of  plates  cut  to  size  and  varying 
in  thickness  from  No.  16  to  No.  9  Birmingham  wire  gauge — these 
are  the  thicknesses  of  the  plates  used  for  the  boilers  having  electrically 
welded  seams — are  manufactured  in  the  same  town  to  special  analysis. 

•Transactions  of  the  Institute  of  Mining  Engineers. 
+E.  A.  Suverkrop,  American  Machinist,  Feb.  25,  1909. 
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The  re<|uiremcnts  for  this  purpase  demand  an  open-hearth  steel  pos- 
sessing anti-rusting  properties.  It  must  be  low  in  carbon,  the  analysis 
calling  for  0.12  per  cent,  and  the  sulphur  content  must  not  exceed 
0.03  per  cent,  while  the  tensile  strength  varies  between  55,000  and 
58,000  pounds  per  square  inch. 

The  first  operation  is  the  rolling  of  the  plates  into  cylindrical 
form  which  is  done  on  the  usual  boiler  rolls  which  are,  of  course,  of 
a  diameter  to  suit  the  work,  the  boiler  shells  ranging  in  diameter 
from  7  to  10  inches,  and  up  to  70  inches  in  length.  From  the  rolling 
operation  the  shells  pass  to  the  sand-blasting  room  where  the  usual 
low-pressure  sand-blasting  apparatus  is  used  to  remove  the  scale 
back  on  either  side  of  the  seam  for  about  an  inch  and  a  half.  The 
object  of  this  is  to  give  clean  metal  free  from  scale  for  the  weld  and 
also  to  facilitate  the  passage  of  the  electric  current,  scale  being  a 
partial  insulator  of  electricity.  The  plant  which  supplies  current  for 
the  two  welding  machines  consists  of  two  CO-kilowatt  Thomson  alter- 
nating generators,  specially  wound  for  the  purpose,  delivering  the 
current  to  the  primary  circuit  at  a  voltage  varying  from  250  to  350, 
heavier  work  requiring  the  greater  voltage,  while  for  thinner  work  the 
primary  voltage  is  reduced.  The  Thomson  process  of  electric  weld- 
ing is  used  with  modifications  made  necessary  by  this  particular  class 
of  work.  These  modifications  have  been  developed  at  this  plant 
and  are  embodied  in  the  two  machines,  built  by  the  Standard  Weld- 
ing Company,  Cleveland,  O.,  shown  in  Figs.  34,  35,  36,  and  37. 

The  machines  are  approximately  9  feet  high,  6  feet  wide,  and 
20  feet  long  over  all.  The  machine  proper  consists  of  a  heavy  cast- 
iron  base  B  upon  which  are  mounted  the  pressure  rolls  or  spools 
A,  one  on  each  side,  and  between  which  the  boiler  shell  C,  Fig.  36, 
passes  during  the  welding  operation.  These  rolls  are  made  in  pairs 
for  the  various  sizes  of  boilers,  are  easily  changed  from  one  side,  to 
another,  and  are  mounted  so  as  to  adjust  to  or  from  the  center. 

In  front  of  the  machine  is  a  stake  D  which  carries  a  horizontal 
bar  E,  upon  the  end  of  which  is  a  head  F,  shown  in  Fig.  35,  carrying 
three  rollers,  one  roller  on  the  top  immediately  below  the  two  copper 
electrodes  G,  and  the  other  two  at  an  angle  of  about  120  degrees. 
These  two  lower  rollers  hold  the  boiler  shell  against  the  pressure  rolls 
A,  while  it  passes  through  the  machine.  Behind  the  machine, 
Fig.  35,  is  a  device  similar  in  construction  to  the  regulation  draw 
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Ktg   36.    Hear  View  o(  Ktectrlc-W«ldiug  MjuIuu*-. 


Fig.  17.    Front  of  Etoctrlo- Welding  Machine  with  Yoke  RemoTed. 
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bench,  and  having  an  endless  chain  H  carried  on  pulleys  at  either 
end  of  a  planed  guide  between  which  the  chain  runs. 

The  chain  is  attached  to  a  carriage  /  provided  with  a  gripping 
device  which  grips  and  draws  the  boiler  shell  between  the  pressure 
rolls  during  the  welding  operation.  In  front  of  the  machine  and 
secured  to  the  base  is  a  yoke  J,  Figs.  34  and  36,  through  which 
the  boiler  shell  passes  on  its  way  to  the  pressure  rolls  and  welding 
electrodes.  The  object  of  this  yoke  is  to  guide  the  shells  and  keep 
the  joint  exactly  equidistant  from  each  electrode  during  the  welding 
operation,  as  the  success  of  the  weld  depends  to  a  great  extent  on  the 
seam  being  guided  in  a  straight  line  and  half  way  between  the  elec- 
trodes. The  yoke  is  provided  at  the  top  on  the  side  next  the  machine 
with  a  thin  blade  of  steel — not  visible  in  the  half-tone — which  locates 
the  boiler  shell  by  the  edges  which  pass  one  on  either  side  of  it.  The 
yoke  and  other  controls  for  the  boiler  shells  are  all  within  easy  access 
of  the  operator. 

Owing  to  the  extreme  flexibility  of  these  thin  boiler  shells  the 
adjustments  and  movements  of  the  electric  welding  machines  must 
of  necessity  be  very  exact  and  under  instant  and  absolute  control; 
a  boiler  shell  6  feet  long  taking  but  22  seconds  to  weld  from  end  to 
end  does  not  permit  of  cut-and-try  methods  of  adjustment. 

Mounted  on  the  base  is  the  main  frame  K  of  the  machine  which 
carries  at  the  top  the  transformer  L,  which  is  of  the  Thomson  type. 
The  primary  circuit  varies  as  previously  stated,  from  250  to  350 
volts,  depending  on  the  character  of  the  work;  the  transformer  steps 
it  down  to  from  25  to  45  volt^,  this  also  being  governed  by  the  char- 
acter of  the  work. 

The  current  is  led  from  the  transformer  to  the  rotary  electrodes 
G  secured  by  bolts  to  gun-metal  spindles  approximately  4  inches  in 
diameter,  which  run  in  gun-metal  boxes  in  the  heavy  gun-metal  sad- 
dles M.  The  saddles  M  are  insulated  from  the  cast-iron  frame  K 
of  the  machine  by  sheet  mica,  approximately  -^^  inch  thick. 

The  spindles  which  carry  the  electrodes  are  hollow  to  permit  a 
circulation  of  cooling  water  which  passes  through  the  transformer 
and  both  spindles  of  each  machine.  The  piping  and  valves  show 
plainly  in  all  the  views.  The  cooling  is  necessitated  by  the  heavy 
amperage,  in  the  neighborhood  of  24,000  amperes  being  required 
for  electric  welding. 
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The  current  passes  from  the  saddles  to  the  spindles  or  vice  versA 
at  the  point  of  contact,  and  among  these  points  of  contact  are  the 
two  bearings.  When  the  bearings  become  worn,  slight  sparking  is 
liable  to  occur  which  has  the  tendency  to  make  the  bearings  cut. 
But  in  spite  of  this  sparking  and  the  fact  that  gun  metal  and  gun 
metal  do  not  run  well  together,  these  bearings  run  from  12  to  14 
months  without  renewing.  When  it  does  become  necessary  to  renew 
the  bearings,  the  spindle  is  so  made  that  a  new  sleeve  of  gim  metal 
can  be  driven  on  the  spindle  proper  after  the  worn  one  is  removed 
and  the  half  bearings  in  the  saddle  and  cap  are  readily  replaced. 

The  electrodes  G  are  copper  disks  secured  to  a  flange  on  the 
spindle  ends  by  tap  bolts  from  the  back.  They  are  1  \  inches  thick, 
and  about  26  inches  in  diameter.  The  spindles  are  inclined  at  such 
an  angle  that  the  electrodes,  where  they  are  nearest  to  each  other,  are 
about  \  inch  apart.  This  is  at  the  point  in  contact  with  the  boiler 
shell,  and  at  this  point  the  welding  is  performed.  On  the  opposite 
side  the  disks  are  about  2^  inches  apart. 

The  of)eration  of  the  machine  is  as  follows:  The  rolled  boiler 
shells  are  lifted  into  the  front  of  the  machine  with  the  seam  up,  as 
shown  in  Fig.  30,  passed  through  the  yoke,  the  small  blade  mounted 
on  the  yoke  passing  between  the  edges  at  the  seam  and  locating  the 
shell  so  that  it  will  pass  through  with  the  seam  equidistant  between 
the  two  electrodes.  The  shell  is  then  gripped  by  the  clamp  on  the 
carriage  I,  Fig.  35,  at  the  back  of  the  machine  and  the  draw 
bench  started.  Tliis  draws  the  shell  backward  between  the  pressure 
rolls  and  under  the  electrodes.  The  moment  the  seam  strikes  the 
electrodes,  the  current  is  switched  on  and  the  weld  starts.  As  no  in- 
struments are  used  to  determine  the  heat  at  point  and  time  of  weld, 
I  cannot  give  any  exact  figures  but  a  reasonable  guess  would  place 
the  temperature  at  about  2,<S00°  F.  The  two  edges  are  pressed  to- 
gether by  the  pressure  rolls  and  the  semi-fluid  metal  forms  on  the 
outside  of  the  seam  in  the  shape  of  a  half-round  bead  nmning  the 
full  length  of  the  welded  shell. 

From  putting  one  5-foot  shell  in  until  the  putting  in  of  the  next, 
the  elapsed  time  is  about  one  minute,  the  actual  welding  taking  but 
22  seconds.  The  shell  is  red  hot  for  a  space  only  about  |  inch  in 
width,  and  the  blue  color  caused  by  the  heat  extends  for  less  than  an 
inch  on  each  side  of  the  weld.     During  the  welding  operation  one 
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can  put  one's  finger  on  the  shell  2  inches  back  from  the  red-hot  weld 
and  not  feel  that  it  is  warmer  than  the  surrounding  atmosphere. 

Owing  to  the  shape  and  pressure  applied  to  the  shell  by  the 
electrodes  and  the  roller  on  the  inside  of  the  shell,  the  finished  product 
as  it  comes  from  the  welder  is  out  of  round,  being  approximately  as 
shown  in  Fig.  38,  A  being  the  weld,  A  B  and  A  C  are  flat.  The 
shells  after  leaving  the  welding  machine,  and  previous  to  putting 
in  the  upper  head,  are  rounded  up  to  make  them  nearly  true  cylinders. 

This  job  is  done  very  rapidly 


Fig.  38. 


Fig.  39. 


on  a  special  machine  built  in 
the  works. 

This  rounding-up  machine 
— shown  partly  in  section  in 
Fig.  39  —  has  a  horizontal 
stake  A  with  a  planed  surface 
on  top  to  which  various  sized 
dies  B  can  be  readily  fitted, 
the  dies   conforming  to   the 

section  Of  Shell  and  Rounding-Up  Machine.        jj^^jj^  curv^ature  of  the  boiler 

shells  C  and  being  of  a  length  greater  than  the  longest  boiler  shell. 

On  either  side  of  and  above  the  stake  are  a  pair  of  guides  D, 
and  at  the  front  and  back  of  the  machine  are  a  pair  of  idlers  over 
which  travel  two  parallel  endless  chains  which  are  driven  by  a  7^ 
horse-power  motor.  These  carry  a  rounding-up  roll  E  conforming 
to  the  outside  curvature  of  the  boiler.  The  operation  is  as  follows: 
The  boiler  shell  is  placed  on  the  die  on  the  stake  with  the  welded 
seam  up.  The  clutch  is  then  thrown  in  and  the  rounding-up  roller 
E  is  drawn  by  the  chains  on  either  side  along  the  seam,  guides  D 
on  top  forcing  it  against  the  outside  of  the  distorted  boiler  shell. 
One  pass  is  sufficient  to  bring  the  shells  to  perfect  cylindrical 
shape. 

So  far  only  the  electric-welded  shells  have  been  referred  to,  but 
as  I  wish  to  compare  them  with  riveted  and  oxyacetylene  welded 
shells,  I  will  state  briefly  the  methods  by  which  these  two  varieties 
of  shell  are  produced.  The  sheets  for  the  riveted  shells  are  punched 
in  the  flat  at  both  ends,  but  two  strokes  of  a  multiple  punch  being 
necessary.  The  rivets  used  are  |  inch  in  diameter  and  J  inch  pitch. 
The  sheets  are  then  rolled  to  cylindrical  shape,  riveted,  and  then  the 
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seam  is  brazed.  This  takes  about  five  miiiiitt^  of  time  and  1  \  pounds 
of  brass  at  13\  cents  a  (lound. 

The  sub.se(juent  o|H'rations  on  these  boilers  are  practically  the 
same  as  those  on  the  ek^ctric  welded  ones.  The  oxyacetylene  flams 
has  been  described  so  many  times  that  a  repetition  is  not  necessary 
here.  The  John  Wood  Manufacturing  Company  has  a  complete 
installation  with  two  complete  generating  plants  for  oxygen  and 
one  for  acetylene.  They  use  it  for  welding  heads  to  shells  where 
this  is  ordere<l,  but  it  requires  too  much  space  to  apply  to  long  scams. 

Many  tensile  and  vibratory  tests  have  been  made  of  electric 
welds  made  by  this  concern  in  various  ways,  plain  butt  welds,  heavy 
butt  welds — in  which  the  plates  were  forced  together  so  that  a  large 
amount  of  molten  steel  was  raised  on  either  side — and  lap  welds. 

The  percentage  of  defective  welds  made  with  the  electric  weld- 
ing machine  is  about  0.1  per  cent.  In  not  one  single  case  has  ai 
electric  weld  pulled  apart  at  the  weld.     No  piece  tested  has  shown 
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Fig.  40.    Typical  Rlectric-WelUcNl  'IVsi  Bar. 


any  crystalliz  itioti  either  at  the  weld  or  at  any  place  within  the 
influence  of  t'.io  iieat.  All  test  pieces  pulled  apart  at  a  point  beyond 
the  influence  of  the  heat. 

The  oxyacetylcne-welded  test  pieces  show  a  crystalline  fracture, 
and,  while  the  .sectional  area  in  the  gas  weld  is  increaseti  50  per  cent, 
one  of  the  test  pieces  faile<l  partly  in  the  weld.  The  tensile  stn'ngth 
of  the  gas  weld  is  good,  but  it  tloes  not  stand  up  well  under  the  vibra- 
tory test    The  riveted  and  riveted  and  brazed  seams  invariably  pull 
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apart  at  the  rivets.     Fig.  40  shows  a  typical  test  bar,  the  fracture 
occurring  beyond  the  influence  of  the  heat. 

Table  VI  shows  a  series  of  tests  giving  about  average  results. 
The  plain  riveted  and  riveted  and  brazed  seams  both  failed  at  the 

TABLE  VI 
Tests  of  Riveted,  Riveted  and  Brazed,  Qas-Welded,  and  Electric- 
Welded  Seams 


6 

55 

Elastic 

Ulti- 

• 

Section, 

Area, 

Limit, 

mate, 

Elongation. 

, 

gD 

Oriq. 

Oriq. 

Per 

Per 

Per  Cent  In. 

Sq.  In. 

Sq.  In. 

8" 

2" 

1 

2.66 

0.084 

0.223  43,230 

45,520 

2.5 

7.0 

Plain  riveted 

3 

2.82    . 

0.100 

0.282 

37,450 

56,210 

13.8 

15.0 

Riveted  and  brazed 

5 

2.30 

0.085 

0.195 

45,800 

•59,640 

17.0 

26.0 

Gas  welded 

7 
10 

1.923 
1.922 

0.081 
0.080 

0.156 
0.164 

42,570 
47,670 

50,130 
64,420 

2.0 
20.5 

5.0 
36.0 

i  Electrically  welded 

rivet  holes.  The  gas  weld  failed  partly  at  the  weld  and  then  ths 
fracture  ran  at  an  angle.  The  electric  welds  failed  beyond  the  part 
heated  by  the  electrodes. 

Comparing  the  costs  of  the  three  methods  of  making  the  longi- 
tudinal seams,  taking  the  electric  weld  as  1,  the  gas  weld  would  be 
about  7.5,  and  the  riveted  and  riveted  and  brazed  seams  about  10. 
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REAR  VIEW  OF  MERCURY  ARC  RECTIFIER  PANEL,  FOR  CHARGING 
STORAGE  BATTERIES  FROM  ALTERNATING-CURRENT  MAINS 

Geueral  Electric  Company. 


HEWITT  MERCURY  VAPOR  CONVERTER. 


Tlie  Mercnry  Vapor  Converter  is  the  result  of  the  discovery 
of  a  new  principle  in  the  phenomena  of  electrical  physics.  This 
new  principle,  which  concerns  the  passage  of  electricity  through  a 
vacuum  tul)e  or  bulb,  may  be  briefly  exj)lained.  For  electric 
current  to  pass  through  a  vacuum,  two  electrodes  are  required — 
one  to  lead  it  in  and  the  other  to  lead  it  out.  These  electrodes 
are  merely  electrical  conductors  exposed  in  the  vacuum  space. 
The  electrode  by  which  the  current  enters  is  called  the  anmle  or 
jyoftitive,  and  that  by  which  it  leaves,  the  cathode  or  negative. 
The  positive  and  negative  electrodes  must  evidently  be  connected, 
respectively,  to  the  positive  and  negative  supply  lines.  It  is 
found  by  experiment,  that,  except  under  certain  conditions,  a  very 
great  resistance  to  the  passage  of  current  exists  at  the  surface  of 
the  negative  electrode  of  a  vacuum  tube,  and  that  to  operate  all 
types  of  such  ap^taratus  (except  under  these  peculiar  conditions), 
this  great  resistance  has  to  be  continuously  overcome  by  the  appli- 
cation of  a  high  electromotive  force. 

The  necessary  high  electromotive  force  has  usually  been 
obtained  from  an  induction  coil.  Little  or  no  resistance  to  the 
{)a88age  of  current  is  found  at  the  anode,  however.  Tins  sur- 
prising  resistance  to  current  flow  which  is  found  at  the  negative — 
called  the  "  negative  electrode  resistance" — is  so  great  under  ordi- 
nary  conditions  that  many  thousand  volts  are  required  to  overcome 
it.  Strange  to  say,  all  that  is  necessary  to  practically  eliminate  this 
negative  electrode  resistance  is  to  maintain  the  supply  of  current 
continuous  after  the  current  has  once  started.  If  the  current  is 
interrupted,  ev*'ii  f(tr  an  hmtanty  or  if  it  fall  to  a  low  value  (say 
below  one  or  two  amperes),  the  negative  electrode  resistance  will 
assert  itself,  and  no  current  can  flow. 

It  will  be  noted  that  in  all  vacuum  tubes  the  current  must  be 
started  by  high  potential  or  other  means  before  the  negative  elec- 
trode resistance  will  disappear.     In  other  words,  whenever  the 
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initial  negative  electrode  resistance  is  broken  down,  current  will 
continue  to  flow,  meeting  only  slight  resistance  until  the  current 
stops  of  itself,  wlien  the  original  initial  negative  electrode  resist- 
ance will  re-establish  itself.  The  reason  that  older  types  of  vacuuin 
apparatus  do  not  act  in  the  same  manner  as  Mr.  Hewitt's  tube,  is 


Three-Phase  Mercury  Vapor  Converter  as  Originally  Exhibited  by  Mr.  Hewitt. 

Fig.  i. 

that  the  supply  of  current  is  intermittent  in  its  nature,  and  that  the 
negative  electrode  resistance  is  being  continuously  re-established  by 
the  interruption  of  the  current.  Further,  it  is  found  that  a  liquid 
negative,  such  as  mercury,  is  the  only  one  that  will  operate  con- 
tinuously without  deterioration.  The  old  types  of  apparatus  prac- 
tically all  use  solid  negatives. 

Mr.  Hewitt  discovered  that  current  passing  through  a  vacuum 
charged  with  mercury  vapor  causes  this  vapor  to  emit  an  intense 
light,  with  a  comparatively  small  expenditure  of  energy.    His  dis- 
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covery  of  how  the  negative  electrode  resistance  can  be  eliminated, 
allowetl  him  to  make  economical  use  of  this  very  efficient  and  new 
method  of  ])r(xliicing  li^ht.     Hence  his  mercury  vajwr  lamp. 

APPLICATIONS. 

The  great  principle  of  the  ''  negative  electrode  resistance'*  has 
thus  been  briefly  explained.  Various  practical  applications  can  Ix) 
made  of  it,  which  may  be  summarized  as  follows : 

1.  Owin^  to  the  low  operating  "nej^atlve  electrode  resistance,"  a 
vacuum  electric  lamp  can  be  economically  u»e<l. 

2.  From  the  Tact  that  an  initial  extra 
voltage  is  reijuired  to  produce  the  state  of  low 
negative  electnxle  resistance,  a  vapor  con- 
verter can  be  constructed  which  will  change 
alternating  current  into  direct  current 

8.  Owing  to  this  same  property,  the 
apparatus  can  be  used  as  a  circuit  breaker 
for  alteniating  currents. 

4.  Owing  to  the  combination  of  the  two 
properties  described  alx^ve  (1  and  2),  the  ap- 
paratus can  be  advantageously  used  as  a  dis- 
charge gap,  sometimes  called  an  interrupter, 
to  replace  the  air  spark  gap  commonly  em- 
ployed for  wireless  telegraphy  and  other 
purposes. 

DIRECT  FROM  ALTERNATING  CURRENT. 

To  make  clear  the  usefulness  of  the 
vajK>r  converter,  it  will  be  necessary  to      *\to  JJSuve^Ki^n^^^" 
state  briefly  the  characteristics  of  alter- 
nating as  distinguished  from  direct  currents. 

An  electric  circuit  carries  direct  current  when  electricity 
passes  in  one  direction  continuously  through  the  circuit.  A  cir- 
cuit carries  alternating  current  when  at  one  moment  electricity 
passes  in  one  direction  throughout  the  whole  circuit,  and  at  a  later 
instant  of  time  in  the  opposite  direction  throughout  the  whole  cir- 
cuit, and  so  on.  Only  direct  current  is  suitable  for  charging 
storage  batteries.  Direct  current  is  much  more  suitable  than  alter- 
nating  for  o|K*rating  a  great  many  classes  of  motors,  such  as  eleva- 
tor and  hoisting  motors,  and,  up  to  the  present  time,  motors  for 
street-car  or  railway  work.  It  is  found,  however,  that  alternating 
current  is  very  much  more  economical  than  direct  current  for  trans- 
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mitting  and  distributing  electrical  power.  Consequently,  since 
only  direct  current  is  suitable  for  many  purposes,  it  will  often  be 
advantageous  to  be  able  to  obtain  direct  current  from  alternating. 
This  result  can  be  accomplished,  at  the  present  time,  by  means  of 
certain  electrical  apparatus  called  the  "rotary  converter,"  which  is 
very  similar  to  an  electric  generator  or  motor,  but  which  is  large 
and  expensive,  revjuires  expert  handling,  and  is  not  particularly 
efficient.  It  is  the  function  of  the  vapor  converter  to  provide  a 
more  satisfactory  method  of  obtaining  direct  current  when  only  an 
alternating-current  service  is  available. 

In  the  diagram  a,  Fig.  3,  are 
shown  the  variations  of  ordinary 
alternating  current  or  alternat- 
ing electromotive  force.  Con- 
sider that  in  this  figure  the  dis- 
tance of  the  curved  Ime  above  or 
belcw  the  horizontal  line  indi- 
cates the  strength  of  the  current 
or  voltage  at  any  particular  in- 
stantof  time,  and  that  the  further 
we  go  to  the  right  on  the  hori- 
zontal line,  the  later  the  instant 
of  time  indicated.  When  the 
curve  is  above  the  horizontal 
line,  the  current  in  the  circuit, 
or  the  electromotive  force,  is  in  one  direction,  and  when  the  curve 
is  below  the  horizontal  line,  it  is  in  the  other  direction.  It  will  be 
noticed  that  in  changing  from  one  direction  to  the  other,  the  value 
of  the  current  or  voltage  gradually  decreases  to  zero,  and  then 
increases  in  the  other  direction  up  to  a  maximum,  when  it  again 
decreases  to  zero  and  returns  to  its  original  direction,  and  so  on. 

I^t  us  now  consider  the  Hewitt  apparatus.  This  may  be 
briefly  described  as  a  large  glass  bulb  or  globe,  with  a  small  puddle 
of  mercury  at  the  bottom  constituting  the  negative  electrode,  and, 
supported  from  the  top  part  of  the  bulb,  two  or  more  electrodes  of 
iron  or  other  material.  These  electrodes  are  of  various  shapes,  and 
usually  not  over  one  or  two  inches  in  size.  Platinum  lead  wires 
run  from  all  the  electrodes  to  the  outside  line  wires,  through  the 
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Fig.  3.    Curves  Representing  Single-Phase 
and  Polyptase  Electromotive  Forces 
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glass,  which  makt's  a  jHTftvtlyairti^ht  joint  wi'Ji  tliis  tnctal.  The 
bulb  is  exhausted  as  |)erfectly  as  {>ossihle  of  all  gases  except  mer- 
cury vaj)or.  A  converter  of  this  tyjHj  is  shown  in  Fig.  1.  In  some 
cases  it  is  desirable  to  make  the  electrodes  all  ot  mercury.  Such 
a  converter,  with  four  jKJsitivesi  and  a  negative,  x^  shown  in  Fig.  8. 

On  account  of  the  nature  of  the  negative  electrode  resistance, 
if  we  connect  a  Hewitt  mercury  vapor  a{){)aratu8  across  suitable 
direct-current  mains,  and  start  it  by  breaking  down  the  negative 
electrode  resistance,  current  will  flow  steadily  until  it  is  stopped 
by  means  external  to  the  apjiaratus,  this  being  the  proper  o|)eration 
of  the  apparatus  on  direct  current  for  giving  light. 

Suppose,  however,  we  suddenly  change  the  direct  current  to 
alternating  current.  At  the  instant  of  change,  nothing  new  occurs. 
There  is  no  difference  in  the  o|)eration  of  the  ap[)aratus,  since  we 
shall  assume  there  is  at  the  instant  no  change  in  the  current. 
Tlien,  referring  to  Fig.  3,  at  |>oint  A,  where  we  shall  assume  the 
alternating  current  Ixjgins,  it  will  be  observed  that  the  value  of 
current  begins  to  decrease,  until  finally  a  zero  {)oint  is  reached  at 
B.  At  this  time,  of  course,  current  ceases  to  flow.  Meanwhile 
the  alternating  electromotive  force  or  voltage  is  reversed,  and 
l)egins  to  increase  in  strength.  This  reversal  of  direction  makes 
the  other  electrode  of  the  apj>aratus  the  negative;  and,  if  we  pro- 
vide no  means  of  overcoming  its  initial  negative  electrode  resist- 
ance, no  current  can  flow.  The  same  condition  will  exist  also 
when  the  alternating  force  has  again  become  zero,  and  flows  in  its 
original  direction,  as  indicated  at  the  point  C  (Fig.  3).  If  the 
electrode  resistance  were  broken  down  again  at  this  point  C,  of 
course,  the  lamp  would  start  again,  and  would  run  until  the  cur- 
rent again  lxH;ame  zero  at  the  {loint  D.  It  is  thus  evident  that  this 
apparatus  cannot  run  continuously  of  itself  on  alternating  current. 

Suppose,  however,  instead  of  the  ordinary  lamp,  which  has 
but  two  electrodes,  we  use  an  ap|)aratus  like  that  shown  in  Fig.  2. 
which  has  two  electrodes  at  one  end  and  one  at  the  other.  Sup- 
pose we  |)a8s  direct  current  between  electrodes  1  and  3  in  such  a 
direction  that  3  is  the  negative  or  cathode.  Tlien,  as  in  the  mer- 
cury vapor  lamp,  current  will  continue  to  flow  between  these  elec- 
trodes;  and  the  negative  electrode  resistance  of  electrode  3  will  l)o 
practically  eliminated  by  this  current.     Suppose,  now,  we  apply, 
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in  addition  to  this  direct  current,  the  alternating  electromotive 
force  of  Fig.  3  between  electrodes  2  and  3.  When  the  alternating 
electromotive  force  is  at  the  point  A,  current  will  flow  from  2  to 
3,  since  8,  being  the  negative  for  the  alternating  current  as  well  as 
for  the  direct,  has  no  negative  electrode  resistance,  on  account  of 
direct  current  which  flows  to  it  from  electrode  1.  As  the  alter- 
nating  electromotive  force  changes  to  the  opposite  direction,  it 
attempts  to  flow  from  3  to  2;  but,  since  in  this  case  electrode  2  is 
its  negative,  and  since  its  initial  electrode  resistance  is  not  broken 

down,  the  reverse  alternation  of 
the  alternating  current  cannot 
start.  When  the  alternating 
electromotive  force  returns  to  its 
first  direction  again,  however,  3 
is  its  negative,  and  current  will 
flow  as  before. 

Thus  only  those  alternations 
of  the  supply  which  have  the  di- 
rection  from  2  to  3  can  pass,  and 
we  have  succeeded  in  getting  one 
kind  of  direct  current  from  an 
alternating  source.  The  inter- 
mittent character  of  this  current 
is  shown  at  a  in  Fig.  5.  This  is 
perhaps  the  simplest  form  of  con- 
verter. The  direct  current,  how- 
ever, though  all  in  the  same  di- 
rection, is  intermittent,  and  not  well  adapted  for  some  kinds  of  work. 
Take  another  case.  Suppose  we  have  a  second  alternating 
current  exactly  opposite  to  the  first,  and  suppose  we  have  a  fourth 
terminal  in  Fig.  2  similar  to  Fig.  1,  and  that  the  new  alternating 
current  is  sent  from  the  new  electrode  to  3.  The  relation  of  the 
two  alternating  electromotive  forces  is  shown  in  Fig.  3.  It  is  evi- 
dent that  the  second  alternating  current,  like  the  first,  will  pass 
only  those  alternations  which  are  in  the  right  direction,  and  that 
the  others  will  be  suppressed.  But  the  former  come  just  at  the 
times  when  the  first  alternating  current  is  not  acting,  so  that  the 
gaps  of  direct  current  left  by  the  first  are  filled  in  by  the  second, 
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Fig.  4.    Converter  for  Single-Phase 
Alternating  Current. 
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and  the  current  flowlnj/  in  the  negative  is  inneh  more  nearly  ttteady 
than  in  the  first  case.     This  current  is  shown  at  &  in  Fig.  5. 

Should  the  direct  current  from  1  to  3  be  suddenly  stopped, 
alternating  current  M'ould  continue  to  flow  from  2  or  from  the 
extra  electrode,  whichever  happened  to  be  then  operating,  until  the 
first  zero  point  was  reached,  when,  since  both  alternatijig  electro- 
motive forces  are  zero  at  the  same  time,  all  current  would  cease  and 
the  apparatus  refuse  to  operate. 

Jsow,  sup|x>se  that  the  vapor  apjtaratns  shown  ih  Fig.  1  be 
operated  without  direct  current,  and  suppose  that  three  different 
alternating  currents  be  applied,  each  one  between  the  negative  and 
one  of  the  three  positive  electrodes.  These  alternating  electromo- 
tive forces  are  to  be  considered  as  three-phase  electromotive  forces 
— that  is,  each  one  lags  ^  of  a  complete  double  alternation  behind 
the  one  before  it,  as  shown  in  c  (Fig.  3).  Suppose  the  electromo- 
tive force  E  in  this  figure  to  be  passing  a  current  from  its  projHjr 
|)08itive  electrode  to  the  negative  in  the  three-phase  converter, 
shown  in  Fig.  1.  As  this  electromotive  force  becomes  less  and 
less  until  the  point  M  is  reached,  the  current  through  the  converter 
would  become  less;  but  at  this  point  the  electromotive  force  F  is 
seen  to  have  risen  to  the  same  value  in  the  same  direction  to  which 
the  electromotive  force  £  has  fallen;  and  thus,  evidently,  the  elec- 
tromotive force  F,  becoming  greater  than  E,  takes  the  current  from 
E,  and  causes  the  current  to  increase  in  value  again,  following  the 
curve  F  of  the  flgnre  until  the  point  N  is  reached,  where  the  elec- 
tromotive force  G  in  turn  takes  the  current  away  from  F  and 
carries  it  to  the  point  P,  at  which  the  electromotive  force  E,  having 
gone  through  a  complete  half-cycle,  is  ready  again  to  take  up  the 
current  from  G  and  carry  it  to  the  point  Q,  and  so  on  indefinitely. 
With  this  type  of  circuit  there  is  evidently  no  time  at  which  the 
current  through  the  negative  electrode  becomes  zero,  and,  conse- 
quently, the  converter  continues  to  operate  indefinitely  without  the 
necessity  of  supplying  direct  current. 

Such  three-phase  electromotive  forces  as  are  ht*ro  iK-ycribed 
can  be  obtained  from  any  three-phase  circuit  in  which  the  neutral 
point  is  available.  This  is  the  type  of  converter  first  shown  by 
Mr.  Hewitt.  It  will  readily  be  seen  that  in  this  case  the  direct 
current  in  the  negative  electrode — which  is  the  current  that  is 
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available  for  useful  work — has  a  much  steadier  value  than  would 
be  obtained  by  the  apparatus  of  Fig.  2.  Similarly,  with  an  apara- 
tus  having  still  another  positive  electrode  and  four  alternating-cur- 
rent electromotive  forces,  we  should  again  have  a  converter  in 
which  the  electromotive  forces  so  overlapped  as  to  require  no  direct 
current  for  bridging  the  zero  points  of  the  current.  Such  alternat- 
ing electromotive  forces  can  be  obtained  from  any  two-phase  or  ^- 
phase  circuit  where  the  neutral  point  is  available.  In  this  appara- 
tus tlie  current  in  the  negative  is  still  more  nearly  steady  than  in 
the  case  of  the  three-phase  converter. 

The  currents  from  the  differ- 

/'>.  /'~X  ent  types  of  alternating-current 

L J / A a   circuit  are  compared  as  to  stead- 

ONE  EMF.  ^  -t 

iness  in  Fig.  5.     In  this  figure  it 
is  assumed  that  there  is  no  choke 


TWO  £MFk.  pqJi  ^q  smooth  out  the  variations 

[y        Y^     Y^     Y^     1^     1^1      "^  ^^^  current;  whenever  such 

THRFi'eMFi'dhi^) — choke  coils  are  used,  the  current 

^Y'~N''''~\'^'"'N^^'>/'■■"\'''"^^  is  materially  steadied. 

I    I       I 1 L.-J 1 [ [Ad        On  many  alternating-current 

Circuits,  however,  only  one  volt- 

Flc.  5.    Pulsations  of  Direct  Current  from  .  m    i  i  n     i 

Various  Types  of  Alternating-Current         age  IS    available,  and  there  IS  no 
Supply  Cirduits.  "  • 

direct  current  for  bridging  the 
zero  points  as  was  found  necessary  in  Fig.  2.  For  these  cases,  it 
is  very  desirable  to  have  some  means  of  operating  a  vapor  converter. 
This  can  be  accomplished  by  the  apparatus  shown  in  Fig.  4,  which 
is  the  same  as  that  of  Fig.  2,  except  for  the  connection  to  the  sup- 
ply circuit,  and  except  for  the  choke  coil  placed  in  lead  from  the 
negative  electrode. 

Referring  to  the  figure,  suppose  that  the  voltage  between  the 
electrode  P  and  the  middle  point  R  of  the  supply  transformer  be 
supplying  current  through  electrode  1;  this  current  is  delayed  be- 
hind the  electromotive  force,  since  it  has  to  flow  through  the  choke 
coil.  This  means  that  when  the  electromotive  force  from  1  has 
dropped  to  zero,  the  current  has  not  yet  reached  zero,  since  it  lags 
behind.  The  converter  does  not  go  out  at  this  instant.  It  would, 
however,  go  out  a  little  later,  when  the  current  finally  did  reach 
the  zero  point;  but  the  electromotive  force  between  the  terminals 
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8  and  K,  which  is  exactly  opposite  to  that  Wtween  P  and  U,  is 
trj'ing  to  force  current  from  electrode  3  to  electrode  1,  and,  on  ac- 
count  of  the  lag  of  the  current  from  1,  it  will  pick  up  this  current 
before  it  becomes  zero,  and  maintain  it  through  the  rest  of  the 
alternation,  until  this  electromotive  force  in  turn  approaches  zero. 
Again,  since  the  current  is  lagging  l>ehind,  the  electromotive  force 
between  P  and  R  will  pick  it  up  from  R  and  S  before  it  actually 
l)ecome8  zero,  preventing  the  converter  from  stopping;  and  so  on. 
The  simple  introduction  of  the  choke  coil  enables  the  apparatus  of 
Fig.  2,  when  supplied  by  the  proper  electromotive  force  from  a 
single-phase  circuit,  to  oj)erate  indefinitely  without  the  use  of  aux- 
iliary  direct  current.  This  is  one  of  the  njost  important  applica- 
tions of  the  converter.  On  account  of  the  choking  |)Ower  of  the 
coil,  this  arrangement  gives  quite  a  steady  current;  but,  as  in  most 
of  the  cases  above,  it  requires  the  neutral  point  of  the  alternating- 
current  supply. 

The  vapor  converter  itself  has  a  number  of  interesting  char- 
acteristics. Its  vacuum  is  similar  to  that  of  the  mercury  vapor 
lamp;  on  the  other  hand,  since  it  is  not  intended  to  give  light,  its 
length  is  as  short  as  possible;  this  means  that  the  voltage  across 
thj  converter,  which  represents  its  total  resistance,  is  reduced  to 
10  or  15  volts.  As  in  the  mercury  vapor  lamp,  this  voltage  is 
practically  constant,  regardless  of  current,  except  for  small  current. 
On  the  other  hand,  since  with  large  currents  in  the  container  there 
is  a  considerable  loss  of  energy,  there  is  developed  within  the  en- 
closing chamber  a  considerable  amount  of  heat,  which  must  be 
dissipated.  It  is  therefore  necessary  to  make  the  container  itself 
of  considerable  size  to  get  cooling  surface;  the  mercury  of  the  nega- 
tive electrode  is  evaporated  during  the  o{)eration,  and  condenses  on 
the  surface,  flowing  back  again  to  the  electrode. 

It  is  necessary  to  provide  some  means  for  the  starting  of  the 
converter.  Tliis  is  accomplished  in  a  numljer  of  ways,  involving 
the  same  principles  as  the  starting  of  the  mercury  vapor  lamp. 
The  converter  can  also  l)e  arranged  to  Iw  starteil  automatically. 

These  converters  will  be  esjxjcially  useful  for  charging  storage 
batteries  from  alternating-current  supply  circuits;  for  running 
small  direct-current  motors;  and,  when  built  in  larger  sizes,  for 
operating  railway  motors  from  alternating-current  circuits. 
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AS  A  CIRCUIT-BREAKER. 

The  third  application  of  the  Hewitt  mercury  vapor  apparatus 
is  its  use  as  a  Circuit-Breaker  for  alternating  currents. 

It  is  of  course  necessary,  in  all  electric  plants,  to  have  means 
for  connecting  and  disconnecting  motors,  lights,  circuits,  etc.,  as 
may  be  required;  and  it  is  usually  very  desirable  that  means  should 
be  provided  for  automatically  stopping  the  flow  of  current  in  any 
circuit  when  any  accident  occurs  to  the  apparatus  on  this  circuit. 
These  functions  are  performed  by  many  different  types  of  switches 

and  circuit-breakers,  which  on 
large  high-tension  plants,  are 
very  cumbersome  and  expensive, 
especially  when  automatic.  In 
many  plants,  the  size  of  the 
switching  apparatus  is  so  exces- 
sive that  it  is  impossible  to  place 
the  switches  and  circuit-breakers 
for  operating  the  plant  within 
view  of  the  operator,  who  must 
rely  on  indicating  devices  to  de- 
termine the  condition  of  his  cir- 
cuits. On  the  principle  of  the 
mercury  vapor  apparatus,  it  is 
possible  to  construct  a  circuit- 
breaker  which  will  accomplish 
this  same  work  with  a  very  much 
less  cumbersome  and  bulky  ap- 
paratus. 

To  understand  how  the  prin- 
ciple of  the  negative  electrode 
resistance  may  be  applied  to  this 
apparatus,  we  may  consider  the " 
circuit -breaker  in  «,  Fig.  6.  Suppose  that  the  current,  in  flow- 
ing from  the  generator  to  the  circuit,  passes  through  the  vapor 
apparatus,  going  in  by  one  lead,  passing  through  the  mercury 
from  one  cup  to  the  other,  and  passing  out  on  the  other  lead. 
We  have  thus  an  ordinary  metallic  circuit  through  the  apparatus, 
and,  as  long  as  the  circuit -breaker  remains  in  this  position,  cur- 


yig.  6.    Mercury  Vapor  Circuit-Breaker, 
a— Circuit  Closed. 
6— Circuit  Open. 
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rent  continues  to  pass  as  though  it  were  not  a  vacuum  ap[>arAtU8. 
Next,  suppose  it  is  desired  to  stop  the  How  of  current;  the 
circuit-breaker  is  then  tipped  into  the  position  shown  in  ^,  Fig.  0, 
in  which  the  mercury  separates  l>etween  the  two  cups.  At  the 
moment  of  separation,  the  current,  which  lias  l)een  flowing  through 
the  mercury  from  cup  to  cup,  is  obliged  to  jmss  through  a  |>ortioQ 


Mercary  Vapor  Dlsctuurge  Oap  for  Heavy  Corrent. 
Fig.  7. 

of  the  vapor,  making  the  mercury  in  one  cup  the  negative  electrode, 
and  that  in  the  other  the  positive,  it  being  merely  accidental  which 
way  the  alternating  current  may  happen  to  be  flowing  at  the  instant 
of  the  separation  of  the  mercuryt  As  was  explained  in  the  descrip- 
tion of  the  mercury  vapor  lamp,  when  a  separation  is  made  between 
the  negative  and  the  positive  electrodes  which  have  been  in  con- 
tact and  are  carrying  a  current,  the  negative  electrode  resistance 
does  not  fonn,  and  the  current  passes  freely  through  the  vapor. 
Tlie  current  breaker  is  thus  for  the  moment  operated  as  a  mercury 
vapor  lamp,  and  will  continue  thus  to  operate  until  the  current 
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becomes  zero.  Since  we  are  dealing  with  an  alternating  current, 
the  current  will  become  zero  at  the  end  of  the  first  alternation;  and 
when,  in  its  natural  course,  the  voltage  rises  in  the  opposite  direc- 
tion, the  negative  electrode  resistance  has  become  re-established, 
and  current  cannot  flow.  As  a  result,  alternating  current  has  been 
interrupted.  As  long  as  the  circuit-breaker  remains  in  the  position 
of  ^,  Fig.  6,  no  current  will  flow.  However,  if  it  be  desired  to 
start  the  flow  of  current  again,  it  is  necessary  merely  to  tilt  back 


Converter  with  Four  Mercury  Positive  Electrodes. 
Fig.  8. 

the  circuit-breaker  into  the  first  position,  when,  since  mercury  now 
joins  the  two  cups,  current  will  fl«w  unimpeded  as  at  first. 

The  mercury  vapor  device  has  other  advantages  over  the 
present  types  of  circuit-breakers,  for  all  contacts  are  made  by  mer- 
cury  which,  being  in  a  vacuum,  cannot  become  corroded;  conse- 
quently there  are  no  bad  contacts,  and  no  solid  switch-tips  to  be- 
come burred  or  burned.  The  whole  apparatus  is  so  small  as  to  be 
readily  operated  automatically. 
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In  the  mercury  vajwr  circnit-breaker,  some  interesting  prob- 
lems in  construction  arise.  For  example:  It  is  ditUcult  to  get 
the  current,  when  of  considerable  volume,  from  the  external  circuit, 
through  the  glass  sealing  chamber,  to  the  mercury  within,  the 
difficulty  being  the  tendency  of  the  current  to  heat  the  leading-in 
wire,  causing  it  to  expand  and  crack  the  glass.  It  is  possible,  how- 
ever, without  serious  mechanical  complications,  to  introduce  a  very 
large  current  into  the  vacuum  without  causing  any  leaking  seals. 

AS  A  DISCHARGE  GAP. 

The  fourth  application  of  the  mercury  vapor  apparatus,  which 
has  been  frequently  described  in  the  technical  press,  is  the  Dis- 
charge Gap,  sometimes  called  the  interrupter.  Tlie  function  of  the 
discharge  gap  is  easily  explained.  For  the  production  of  X-rays, 
the  sending  of  wireless  telegraph  messages,  and  many  other  pur- 
poses, it  is  necessary  to  have  extremely  sudden  discharges  of  high- 
fx>tential  electricity.  These  are  always  obtained  by  introducing 
into  the  circuit  from  which  the  discharge  is  to  be  obtained,  an  air- 
gap  or  its  equivalent,  and  by  raising  the  voltage  until  this  air-gap 
is  unable  to  resist  the  strain,  and  breaks  down.  At  this  instant, 
there  is  a  very  sudden  rush  through  the  circuit  of  the  electricity 
which  has  been  previously  accumulated  on  both  sides  of  the  air- 
gap;  and  this  sudden  discharge  serves  to  send  the  wireless  message, 
or  excite  the  X-ray  tube.  But  a  disadvantage  to  be  found  with 
air-gaps  is,  that,  even  after  they  break  down,  they  introduce  a  con- 
siderable resistance  into  the  circuit,  which  prevents  this  discharge 
from  being  perfectly  free  as  is  most  desiral)le.  A  further  disad- 
vautage  to  l>e  met  with  in  the  air-gap  is  that  an  undesirably  long 
time  is  required  for  it,  when  once  it  has  been  heated  by  the  dis- 
charge, to  cool  sufficiently  to  l^e  able  to  operate  properly  a  second 
time.  In  addition,  whenever  these  gaps  are  used  for  large  quanti- 
ties of  energj',  or  continuously,  the  metal  electrodes  become  scarred 
and  burnt,  and  require  constant  replacing. 

Tlie  mercury  vapor  apparatus  shown  in  Fig.  7  may  serve  the 
same  pur|X)se  as  the  air-gap,  for,  if  we  apply  a  comparatively  low 
voltage  between  the  two  electrodes,  no  current  will  flow,  because 
of  negative  electrode  resistance,  unless  we  raise  the  voltage  suffici- 
ently to  overcome  this  resistance.     Then  the  discharge  of  electricity 
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will  be  practically  free,  since,  when  once  broken  down,  the  negative 
electrode  resistance  is  substantially  eliminated.  Thus,  by  the  use 
of  the  mercury  vapor  apparatus,  the  resistance  to  the  discharge, 
introduced  by  an  air-gap,  is  eliminated. 

Furthermore,  it  is  found  by  trial,  that,  even  with  a  series  of 
the  most  rapid  discharges,  the  negative  electrode  resistance  can 
always  be  re-established  between  them,  which  is  by  no  means  true 
of  the  air-gap.  And  again,  evidently,  the  burning  and  burring  of 
the  electrodes  of  the  air-gap  are  eliminated,  as  the  mercury  cannot 
corrode  in  a  vacuum. 

The  action  of  the  mercury  vapor  discharge  gap  has  been  care- 
fully studied  by  the  rotating  mirror  method,  and  has  been  found 
to  be  free  in  a  remarkable  degree  from  the  weaknesses  of  the  air- 
spark  gap.  Fig.  7  shows  a  discharge  gap  used  by  Mr.  Hewitt  in 
his  laboratory  on  some  of  his  high-tension  work.  These  bulbs  are 
about  five  inches  in  diameter. 

In  addition  to  the  applications  so  far  described,  there  are 
others  of  less  immediate  importance,  which  space  will  not  permit 
to  be  described  here.  It  must  be  remembered  that  the  discovery 
of  the  great  principle  of  the  negative  electrode  resistance  is  quite 
recent,  and  that  it  is  a  radically  new  phenomenon,  and  consequently 
capable  of  producing  most  unusual  results. 
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REVIEW  QUESTIONS. 


PRACTICAL  TEST  QUEOTIONS. 

In  the  foregoing  sections  of  this  Cyclopedia 
numerous  illustrative  examples  are  worked  out  in 
detail  in  order  to  show  the  application  of  the  vaiious 
methods  and  principles.  Accompanying  these  are 
•xamples  for  practice  which  will  aid  the  reader  in 
fixing  the  principles  in  mind. 

In  the  following  pages  are  given  a  large  number 
of  test  questions  and  problems  which  afford  a  valu- 
able means  of  testing  the  reader's  knowledge  of  the 
subjects  treated.  They  will  be  found  excellent  prac- 
tice for  those  preparing  for  College,  Civil  Ser\'ice,  or 
Engineer's  License.  In  some  cases  numerical  ans^-eis 
•re  given  as  a  further  aid  in  this  work. 
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REVIKW    QUESTIONS 

ON      THK     HI.'aJBOT     OK 

DYNAMO -ELECTRIC    MACHINERY 

PART  I 


1.  What  was  Ocrstetl's  discovery? 

2.  \\'hat  is  the  relation  between  the  direction  of  current  flow 
in  a  conductor  and  that  of  the  resulting  magnetism? 

3.  What  is  meant  by  the  expression  magnetic  permeability, 
and  what  formula  really  expresses  its  meaning? 

4.  ^\^lat  is  the  law  of  the  magnetic  circuit?  Compare  this 
law  with  that  of  the  electrical  circuit,  and  point  out  its  similarity 
and  dissimilarity. 

5.  Upon  what  does  the  reluctance  of  a  magnetic  circuit  depend? 

6.  ^^'hat  do  the  magnetization  curves  of  various  samples  of 
iron  and  steel  show? 

7.  What  does  the  expression  ampere-turn  mean? 

8.  Being  given  a  ring  of  iron  having  a  cross-section  of  100 
square  centimeters  and  a  mean  length  of  300  centimeters,  determine 
the  numl)er  of  am|x?re-tunis  necessaiy  to  pixnluce  a  total  magnetic 
flux  of  1,000,000  lines  of  fr^ce  throughout  the  magnetic  circuit. 
(Assume  fi  to  have  a  value  t)f  1,000.) 

9.  ^^^lat  is  the  elTect  of  a  joint  in  a  magnetic  circuit? 

10.  How  does  the  pressure  of  an  air-gjip  in  a  magnetic  circuit 
affect  the  shape  of  the  magnetization  cun-e? 

11.  ^^^lat  is  the  meaning  of  the  term  residual  magnetism^    Is 
it  of  the  same  magnitude  in  the  various  magnetic  materials? 

12.  What  is  the  phenomenon  of  hysteresis,  and  what  is  its 
effect? 

13.  What  are  etldy  or  Foucault  cuirents?     How  arc*  they  pro- 
duced, and  what  is  their  elTect? 
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REVIEW    QUESTIONS 

ON     THK     StJBJECX     O  V 

DYNAMO -ELECTRIC    MACHINERY 

PART   II 


1 .  Upon  what  factors  does  the  generated  voltage  of  a  dynamo 
depend? 

2.  Combine  these  various  factors  into  an  equation,  and  apply 
it  in  determining  the  voltage  generated  by  a  generator  the  armature 
of  which  is  parallel-wound  w4th  1,176  inductors,  and  which  revolves 
in  a  4-pole  field  at  1,200  r.  p.  m.  Assume  the  flux  entering  or  leav- 
ing the  armature  per  pole  to  be  1,700,000  lines  of  force. 

3.  If  the  armature  of  a  10-pole  generator  is  series-wound  with 
1,400  inductors,  revolves  at  the  rate  of  400  r,  p.  m.,  and  generates 
150  volts,  what  is  the  flux  entering  or  leaving  the  armature  per  pole? 

4.  What  do  you  mean  by  the  expression  efficiency  of  a  gener- 
atart 

5.  What  is  the  difference  between  the  terminal  volts  and 
generated  volts  of  a  generator? 

6.  An  armature  has  an  internal  resistance  of  .05  ohm;  it 
carries  a  current  of  500  amperes;  and  the  terminal  voltage  is  170- 
What  is  the  generated  pressure? 

7.  What  are  the  objections  to  the  general  use  of  bipolar 
machines? 

8.  What  are  the  advantages  of  "over-type"  bipolar  machines 
with  respect  to  the  "under-type?" 

9.  WTiat  are  the  general  advantages  of  multipolar  ring  types 
of  frames  with  respect  to  bipolar  forms? 

10.    What  is  the  meaning  of  the  expression  magnetic  leakage, 
and  how  must  we  correct  for  it? 
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DYNAMO-ELECTRIC  MACHINERY 


11.  IIow  does  the   niapictic   flux   divide  in  passing  through 
the  various  \yi\Tts  of  a  nuilti|K)lar  machine? 

12.  Ik'iug  given  the  magnetic  cinniit  shown  in  the  accompany- 
ing diagnim,  detenninc  the  number  of  am|)ere-tums  re(|uire<l  jxr  pole 


to  cause  a  flux  of  1  ,SOO,0(X)  lines  of  forcv  to  enter  or  leave  the  armature 
per  pole.  Coeflicieiit  of  magnetic  leakage  =  1.15.  The  armature 
is  to  have  40  slots,  and  teeth  of  e<jual  top  dimensions,  while  the  slots 
are  parallel-sided  and  \\  inches  deep.  The  field-frame  and  pole- 
c"ores  are  of  cast  steel,  ami  the  annature  cores  of  laminated  wire, 
the  effective  length  of  which  is  *.K)  per  cent. 

13.  If  the  machine  of  Question  12  is  to  generate  220  volts,  is 
shunt-wound,  and  has  a  field-curn'nt  of  1.5  amperes,  determine  the 
numlK'r  of  tunis,  size,  and  amount  of  wire  employed  per  p<nle.  Assume 
20  volts  allowe<l  for  Held  rheostat,  and  coil  to  Ik*  'S\  inches  long. 

14.  \Miat  do  you  understand  the  terms  open  and  closed-coil 
armature  windings  to  mean?  \Much  is  it  that  is  employetl  on  con- 
stant-|x)tential  machines? 

15.  ^^'hat  is  the  relation  existing  Iwtween  the  numl)er  of  arma- 
ture coils  and  the  number  of  commutator  l)ars  in  the  case  of  Gramme 
ring  and  <lnnn-wound  annatun\s? 

IG.     What  do  you  mean  by  winding  pilch f 

17.  VNTiy  must  the  winding  pitch  Ik?  more  or  less  than  the  num- 
ber of  slots  divideil  by  the  numlx'r  of  jx>les? 

IS.  Show  diagrammatically  what  you  nuaii  by  a  u  uir-woutid 
dnmi  annature. 

19.  Show  diagrammatically  what  you  mean  by  a  lap-wound 
drum  armature. 
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REVIEW     QUESTIONS 

ON     THB     STTBJBOT     OF" 

DYNAMO  -  ELECTRIC  MACHINERY 

TART   III 


1.  Why  is  it  poor  practice  to  use  cast  iron  for  the  pole-cores 
of  dynamo-electric  machinery? 

2.  If  wrought-iron  pole-pieces  are  employed  with  cast-iron 
yokes,  why  should  they  be  imbedded  in  the  yoke? 

3.  What  factor  determines  the  cross-sectional  area  of  the 
magnet-cbres? 

4.  What  factors  determine  the  length  of  the  magnet-cores? 

5.  What  is  the  difference  between  form-wound  and  bobbin- 
wound  magnet-coils? 

6.  What  mechanical  precautions  must  be  taken  in  making 
up  a  field-coil  winding  and  in  bringing  out  the  ends? 

7.  What  are  the  advantages  of  form-wound  coils  over  hand- 
wound  coils  for  armatures? 

8.  Show  by  sketches  the  various  methods  of  securing  the 
armature  laminations  to  the  shaft,  and  point  out  the  relative  advan- 
tages and  disadvantages  of  the  different  forms. 

9.  WTiat  is  the  object  of  ventilation  ducts  in  armature  cores, 
and  how  are  they  secured? 

10.  Why  is  the  shaft  of  a  dynamo-electric  machine  made  larger 
than  that  for  ordinary  machinery,  even  though  the  weight  supported 
is  the  same  in  both  instances. 

11.  What  is  the  object  of  using  binding  wires  on  an  armature? 
Can  their  use  be  dispensed  with,  and  how? 

12.  What  material  is  usually  employed  for  commutator  bars, 
and  why? 
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R  E  V  I K  W    (^  I J  K  S  r  I  O  N  S 


OM     TliK     HUHJKCT     or 


DIKKCT-CUKRENT   MOTORS 


1.  State  briefly  the  fundamental  principle  of  the  motor. 

2.  WTiat  is  meant  by  the  torque  of  a  mot»)r?  How  is  it  related 
to  the  power?  If  the  field  and  armature  current  are  constant,  how 
is  the  torque  related  to  the  speed? 

3.  If  the  output  of  a  motor  is  60  horse^wer,  and  the  arma- 
ture makes  490  revolutions  per  minute,  what  is  the  torque? 

4.  If  the  pulley  of  the  motor  in  the  preceding  question  is  22 
inches  in  diameter,  what  is  the  effective  pull  upon  the  belt? 

5.  \\'hat  is  the  commercial  efficiency  of  a  oOO-volt  motor 
which  takes  120  amperes  and  delivers  71 .6  horse-power? 

6.  \N'hat  is  meant  by  the  counter-electromotive  force  of  a 
motor?    What  relation  does  it  bear  to  the  efficiency? 

7.  The  current  in  the  armature  of  a  sliunt  motor  is  50  amperes ; 
and  the  E.M.F.  at  the  brushes,  240  volts.  If  the  armature  resistance 
b  0.38  ohm,  what  is  the  counter-E.M.F.? 

8.  Upon  what  does  the  spec*!  of  a  motor  depend? 

9.  Explain  briefly  the  different  methods  used  to  vary  the 
speed  of  shunt  motors. 

10.  ^^'hat  disadvantages  are  there  in  controlling  tlie  speed  of  a 
shunt  motor  by  a  riieostat  in  tlie  armature  circuit? 

11.  A  230-volt  shunt  motor  takes  55  amperes  at  full  load,  the 
speed  lieing  760  revolutions  per  minute.  \Miat  resistance  must  be 
inserted  into  the  armature  circuit  to  give  half  tlie  full-load  tort}ue 
at  two-thirds  speed?  How  many  watts  are  lost  in  tliis  resistance 
under  these  conditions? 

12.  A  shunt  generator  Is  to  be  used  as  a  motor.  Wliat  changes 
are  necessary?  Should  the  brushes  be  shifted,  and,  if  so,  to  what 
point? 
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REVIEW    QUESTIONS 


ON     THE     SUHJKCT     OK 


ELECTRIC    WELDING 


1.  What  arc  the  three  general  methcxls  of  electric  welding? 

2.  Make  sketch  of  simple  electric  crucible. 

3.  Describe  method  of  heating  metal  electrically  in  a  bucket  of 
strong  brine. 

4.  What  are  some  of  the  serious  objections  to  welding  in  a 
forge  fire  that  are  overcome  in  the  electric  welding  process? 

5.  Describe  and  explain  the  action  of  the  current  in  automati- 
cally raising  all  parts  of  the  joint  to  the  same  temperature  when 
welding  by  the  Thomson  process. 

6.  Why  is  it  economical  to  use  as  low  a  voltage  as  possible 
when  welding  by  the  Thomson  method? 

7.  Why  is  it  difficult  to  wekl  a  piece  of  small  cross  section  to 
one  of  larger  section? 

8.  What  are  the  particular  advantages  of  electric  welding  of 
rails  on  electric  traction  roads? 

9.  Describe  a  welding  train  for  track  welding. 

10.  What  is  the  cost  for  power  (approximately)  for  making  a 
welded  joint  in  a  rail  such  as  described  in  the  text?  Assume  that 
the  grinding  and  sand  blast  apparatus  are  running  practically  con- 
tinuously and  just  keep  up  with  welder,  and  that. the  cost  of  cur- 
rent is  3  cents  per  K.  W.  hour. 

11.  What  would  be  the  cost  of  electrically  welding  rails  1" 
girder  type  per  mile  of  new  track,  at  the  usual  contract  price  per  joint, 
60'  rails  to  be  used  and  no  allowance  to  l^  made  for  street  work? 

12.  IIow  can  a  bar  be  heated  at  one  end  only,  in  a  Thomson 
welder? 
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